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ABSTRACT 
The major concern in nuclear waste management is its safe disposal. Models are 
used to predict the long-term fate and mobility of radionuclides and other 
contaminants through the environment. Information from these models is used to 
assess the long term safety of a waste disposal site. To accurately predict the fate 
of contaminants these models must contain all the parameters that affect 
contaminant transport through the geosphere. Colloids can be found in all natural 
surface and ground waters and have large surface areas onto which contaminants 
can sorb. They have been identified as being potentially important in the 
transport of radionuclides in groundwater and could significantly affect any 
performance assessment of a repository. Colloid mediated transport is generally 
not included in the predictive models although their influence could be 
significant. 
This report describes firstly the results of a groundwater sampling campaign 
undertaken at the Drigg site in Cumbria which focussed on the colloidal content 
of the waters and their associated radionuclides. The groundwater was sampled 
anaerobically using a micro-purge low-flow procedure and colloids were isolated 
using ultrafiltration. The colloid popUlation was found to be 109 - lOll colloids 
per litre. The elemental make-up of the colloids was observed using SEM-EDX 
and were found to be dominated by iron and silicon and the morphology of the 
colloids is thought to be iron coated Si02. The radioactivity content of the 
groundwaters was measured and found to be dominated by tritium. 
Approximately half of the alpha activity was found to be colloidally bound. 
Secondly there is a laboratory based investigation focussing on the reversibility 
of radionucIide - colloid interactions. The desorption of mono-, di- and trivalent 
radionuclides from clay colloids were studied in varying pH and ionic strength 
solutions. The desorption of mono- and divalent radionuclides was found to be 
facilitated by increasing ionic strength suggesting association was by ion 
exchange. Trivalent radionuclides were found to be irreversibly sorbed even in 
high ionic strength solutions suggesting that association was by a specific 
sorption mechanism. 
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Introduction 
This work was sponsored by British Nuclear Fuels Ltd (BNFL) and so the 
emphasis of the investigation was guided by them. As part of the post-closure 
safety case for the Drigg site the DRINK model is being developed to predict the 
movement of contaminants across the site. As part of this model the role of 
colloids in the transport ofradionuclides was being considered. 
Three questioned were postulated and the research within this thesis is geared to 
answer these questions. They were: 
1. What population of colloids are present in the trenches at the Drigg 
site? 
2. What types of colloids are present? and 
3. Are the colloids radionuclide bearing? 
This work continues and builds on the previous analysis of the trench 
groundwaters of the Drigg site and focuses specifically on the questions listed 
above. 
From the initial sampling campaign and from previous work it was apparent that 
the anaerobic conditions of the groundwaters had to be preserved to study the 
colloidal content. Exposure of the system to oxygen had a profound effect on the 
stability of the colloids. The effect of the anaerobic to aerobic change on the 
trench groundwaters was investigated and the factors that affect colloidal 
stability were explored using the literature. 
There are many topics of study in environmental colloid chemistry. 
1. Generation of colloids 
2. Factors affecting stability 
3. Interactions with radionuclides 
4. Interactions with surfaces 
5. Interactions with organic matter 
6. Reversibility of interactions 
7. Migration through the geosphere 
viii 
Of the above topics information on the reversibility of radionuclide - colloid 
interactions was found to be lacking in the literature and it was decided to 
explore this topic as a laboratory study. The interaction of mono-, di- and tri-
valent radionuclides with various colloids were studied under aerobic conditions 
for simplicity as maintaining anaerobic conditions would be time consuming and 
costly. Sampling of groundwaters offers only a snapshot view of the 
environmental conditions thus no information can be inferred on the strength of 
the association between radionuc1ides and colloids within the samples taken only 
that there is an association at the time of sampling. Thus an understanding of the 
factors affecting the interactions of radionuc!ides and colloids/surfaces in the 
environment and an understanding of the reversibility of these interactions will 
expand the snapshot view offered by the sampling campaign. 
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CHAPTER ONE 
NATURAL COLLOIDS AND THEIR STABILITY 
1 
1.1 The colloidal state [1-6]. 
The definition of a colloidal system is given as one in which one or more of the 
components have at least one dimension in the colloidal (1 - 1000 nm) range [1, 
7]. However some authors define colloids as particles with diameters ofless than 
lO!lm [8-10]. 
Most colloidal systems are classified as lyophobic (hydrophobic, if the solvent is 
water) or lyophilic (hydrophilic, in water), i.e. solvent-hating and solvent-loving 
respectively [5]. These classifications arise from the conditions required to 
produce and to re-disperse the colloids after flocculation or coagulation [I]. 
Hydrophilic colloids exhibit colloidal behaviour due to their large size and are 
generally termed macromolecules. They are stable because the solvation of the 
polar groups overcomes the van der Waals forces of attraction, which exist 
between the polymer segments [11]. The classification is somewhat arbitrary as 
some particles can exhibit both hydrophilic and hydrophobic behaviour. The 
terms 'dispersed phase' and 'dispersion medium' refer to the phase forming the 
particles and the medium in which the particles are dispersed respectively. For 
the purposes of this discussion the dispersion medium will be aqueous. 
The properties of a colloidal solution lie between that of a "true" solution and 
that of a suspension in terms of the particle sizes and the stability ofthe particles. 
A "true" solution contains species < 1 nm and is stable. A suspension contains 
particles> 1 !lm and is unstable with respect to the sedimentation of the particles. 
A colloidal solution lies somewhere between the two. The particle size 
distribution is 1 nm - 1 !lm and the solution is known as metastable, meaning 
that the solution is stable for a limited amount oftime, from hours to years. 
Colloidal components have a large surface area to volume ratio and this ratio 
increases considerably as the particle size decreases [12]. The interface between 
the colloid (dispersed phase) and dispersion medium gives rise to sorption and 
repulsion effects. Thus smaller particles become more reactive than larger ones 
as they offer more surface sites per unit volume. 
2 
1.2 Colloids in environmental chemistry. 
There are four general types of colloids found in the Geosphere they are (i) 
inorganic colloids such as clays, metal oxides, carbonates, and silica, (ii) organic 
colloids such as polysaccharides, humic and fulvic acids (iii) a mixture of both 
inorganic and organic components and (iv) microorganisms such as viruses and 
bacteria [11-17]. 
Colloidal material can be released into groundwater by the weathering of soils 
and minerals, re-suspension of sediments, by precipitation of supersaturated 
mineral phases, by the breakdown of biological debris and by chemical (changes 
in ionic strength and pH), physical (increase in flow velocity) and biochemical 
means [8, 9, 18]. Colloidal material in nuclear repositories may be produced 
from leaching of the waste form, corrosion of canisters and degradation of 
engineering backfill or buffer materials [19]. 
The interaction of colloids with contaminants and pollutants such as 
radionuclides and toxic metals has been widely studied (See chapter 4). Their 
large surface area and relative stability means that adsorbed contaminants can be 
mobilised within the geosphere with groundwater flow. 
This chapter discusses the colloid chemistry that accounts for the stability of 
natural colloids. 
1.3 Colloidal stability. 
As stated before, colloidal systems are metastable. Metastable states have more 
free energy than stable (ground) states but less than unstable states. Left alone 
unstable states will release energy to reach the ground (most stable) state. 
Metastable states are formed when there is an energy barrier preventing the loss 
of energy and thus will remain stable until the free energy is disturbed [2]. 
Therefore the stability of the colloidal suspension is dependent on conditions that 
affect the height of the energy barrier. Colloidal stability is dependent upon the 
interaction of attractive and repUlsive forces such as electrostatic repulsion, van 
3 
der Waals attraction, hydration phenomena, hydronamic interactions on particle 
collision and the forces generated from surface adsorption [20]. Solution 
chemistry is also crucial in detennining colloidal stability. 
1.4 Intemarticle forces. 
1.4.1 Van der Waals interactions. 
Every atom attracts every other atom with an electrical force known as the 
London-van der Waals interaction. This force arises due to fluctuation in the 
electrical density of one atom, which creates a dipole moment. This dipole then 
induces other dipole moments to be fonned within the electron clouds of 
neighbouring atoms resulting in a net attractive force. The van der Waals force 
between atom pairs is additive, so that the total attractive forces between 
particles is the sum of the attractive forces between every atom in one particle 
and every atom of the other particle. Hamaker defined the attraction energy 
between two particles as the sum of all the London dispersion forces acting 
between each pair of atoms in the two particles [21]. The Van Der Waals force 
acts over short distances (about 10 om) and the energy of interaction is inversely 
proportional to the sixth power ofthe particle separation [22]. 
1.4.2 Born repulsion 
As two atoms approach each other there is a net attractive force due to van der 
Waals interactions, however, at close separations there is a strong repulsive force 
(Born or hydration repulsion [23]). This repulsive force is generated by the 
overlap of the electron clouds of the atoms. In the absence of this force particle 
attachment will occur. 
1.4.3 Surface charge [1, 2, 3, 6]. 
Opposite charges attract and like charges will repel each other. Thus the presence 
of surface charge governs whether attractive or repulsive forces operate between 
4 
particles. Some of the mechanisms that result in the formation of a charged 
surface are discussed below. 
(a) Ionisation of surface groups [8]. 
Ionisable functional groups on the colloid surface will become charged or 
uncharged due to proton transfer reactions. The magnitude of the surface charge 
will depend on the functional groups present and also more importantly on the 
pH of the dispersive medium. The pHpzc is the pH at which the surface has zero 
charge. The ionisation of the functional groups is suppressed at this pH. Many 
functional groups such as metal oxides, hydroxyl groups can give rise to both 
positively and negatively charged surfaces depending on pH. The example below 
shows the acid-base reactions of the surface hydroxyl group at low and high pH 
values respectively. 
=MOH (1.1) 
=MOH +H+ ~ = MOH/ (1.2) 
(b) Adsomtion. 
Surface charge can also arise from the formation of complexes (either inner or 
outer sphere) between the surface functional groups and ions in the dispersive 
medium. Charged surfaces tend to adsorb counter-ions, which can lead to charge 
reversal if the charge on the counter-ion is of greater magnitude than the surface 
group. 
For example: -
=Fe-OH + Ca2+ ~ =Fe-OCa+ + H+ (1.3) 
=Fe-OH + HSO/" ~ =Fe-OSOt + H20 (1.4) 
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(c) Isomorphous substitution [8]. 
The replacement of one ion for another of similar size in a mineral lattice is 
known as isomorphous substitution. The exchange of an atom from within the 
colloid lattice with one of different valency will result in a charged surface. For 
example, Ae+ ions can replace Si4+ ions in an Si02 lattice resulting in a net 
negative charge [24]. 
(d) Dissolution. 
A difference in the solubility of the ions forming a crystal may lead to an 
imbalance in the surface charge. The preferential solubility of the ions is 
controlled by the concentration of the ions in solution. For example when an AgI 
crystal is placed in water Ag + ions dissolve preferentially leaving a net negative 
charge on the surface. The solubility of the Ag + ions can be repressed by the 
addition of AgN03 to the solution or enhanced by the addition of KI and vice 
versa for t ions. 
1.4.4 The electrical double layer and zetapotential. 
The electrical double layer (EDL) can be visualised as two distinct regions at the 
surface / water interface (figure 1.1). Closest to the surface is the bound (Stem 
[16]) layer consisting of counter-ions that are absorbed to the surface by 
electrostatic and/or Van Der Waals attractions. These attractions overcome the 
random thermal motion of the ions and effectively bind them to the surface. The 
Stem plane defines the boundary between the Stem and diffuse layer. The diffuse 
layer (described by Gouy and Chapman [1, 25]) contains the counter-ions that 
are attracted to the surface but are still affected by random thermal motion. The 
EDL can stabilise colloids in water in the same fashion as the electron cloud 
surrounding a nucleus. Forces of repulsion arise when two diffuse layers of like 
charged counter-ions approach one another reducing the chance of collision and 
subsequent attachment. The EDL can be up to 10 iJm for monovalent ions in low 
ionic strength conditions and 0.1 iJm for multivalent ions [8]. 
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Figure (1.1): The structure of the electrical double layer [I]. 
Zetapotential is the potential difference at the surface of the mobile part of the 
EDL, the surface of shear. It provides a quantitative measurement of the surface 
charge on a particle and can be related to the electrostatic stability [26]. However 
adsorption of uncharged polymers to a clay surface causes a decrease in the 
zetapotential without a corresponding decrease in the stability of the colloid 
because of a movement in the plane of shear [27]. Compression of the EDL by 
increasing counter ion concentration also resulted in a reduction in zetapotential 
[28]. Stable suspensions have a minimum zetapotential of 20 m V [29]. See also 
section (1.9.2) below. 
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1.5 The Deriaguin-Landau, Verwey-Overbeek (DLVO) theory. 
The DLVO theory of colloidal stability is named after it's authors DeJjaguin, 
Landau, Verwey and Overbeek and describes the stability of colloidal solutions 
in terms of the energy changes that occur when two charged surfaces interact [30, 
31]. Col1oidal stability is affected by many forces in solution [32]. The DLVO 
theory combines the simple models of London-Van der Waals attraction with 
EDL repUlsion to calculate the net potential energy between two colloidal 
spheres [12]. At very close separations electron clouds start to overlap giving rise 
to Born repulsion. The DLVO theory is simplified and idealistic and often fails to 
predict col1oidal stability accurately. The presence of forces arising from the 
interactions between the surface and the water has been used to describe the 
differences between experimental determination and theoretical predictions [33, 
34]. The theory fails at small interparticie distances [35 - 37], as the relative 
electrostatic interaction becomes significant and the repulsion energy can no 
longer be determined by simple addition of two Guoy-Chapman double layers 
[33]. The theory also fails as it does not consider non-ideal, unsymmetrical 
electrolytes, the specific character of the counter-ions, and the charge of the co-
ions [33]. Also the theory does not account for the dynamics of particle 
interaction [38]. Also the theory assumes a homogeneous surface with a specific 
surface charge. In reality surfaces are heterogeneously charged due to crystal 
imperfections and sorption of chemical impurities of allowing the approach of 
col1oids to area of the surface where the EDL repulsion is lowered or is reversed 
[39]. Martynov discusses the DLVO theory in detail [22]. Other limitations to the 
DLVO theory are discussed below. 
1.6 The free energy curve [1, 2, 21]. 
The interactive forces that act between two like-charged spheres (colloids) can be 
shown as free energy/separation curves. Van der Waals forces and random 
thermal motion will bring two colloids close to each other. As the colloid 
separation decreases their electric double layers will begin to overlap resulting in 
a repulsive force. This force will increase as the colloid separation decreases as 
the concentration of counter ions increases closer to the surface. Van der Waals 
8 
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forces dominate at small and large separations whereas electrostatic repulsions 
dominate over intermediate distances. Figure 1.2 shows the total interaction 
potential energy plotted against the separation of two colloids of radii r1 and r2. 
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Figure (1.2): The free energy curve. 
Approaching from an infinite distance there is a net attractive force resulting in a 
secondary minimum (VMIN), at closer separation there is an energy maximum 
(V MAX) and beyond there is a deep primary minimum. At very close separations 
the overlapping of electron clouds results in a large repulsive force that 
effectively increases to infinity. Coagulation occurs at the primary minimum. 
Because of the energy barrier (V MAX) the colloidal state is said to be metastable 
and can remain in this state for a long time. When the colloids collide with 
sufficient energy to overcome the energy barrier coagulation occurs and becomes 
irreversible if the energy barrier is comparatively larger than the colloids thermal 
energy. Flocculation can occur at the secondary minimum VMIN and can be 
reversible if the secondary minimum is deep enough and the energy barrier is 
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sufficiently high. Lowering the energy barrier will result in rapid coagulation. 
The energy barrier can be affected by changes in the solution chemistry, 
temperature and pressure ofthe system. 
Smoluchowski developed a simple formula for the time taken for the 
concentration of particles of all sizes to fall to half of its initial value (half-life), 
which is shown below [5]. 
= 3n (1.5) 
(4kTNoa) 
Where "t is the time taken for the concentration of all particles to fall to half its 
initial value (No), 11 is the viscosity of the dispersive medium, k is the Boltzman 
constant T is the absolute temperature, and a the fraction of particle collisions 
resulting in attachment. Values of a are frequently used as indicators of colloidal 
stability and includes the kinetics of particle coagulation and particle transport 
[11]. Values for a in fresh-water systems range from 0.001 to 0.1 [40]. When a is 
unity every collision results in attachment, the energy barrier (Vmax) on the free-
energy curve equals zero and the system rapidly coagulates. Generally "t lies 
between 1 and 60 seconds when a approaches unity [5]. 
The presence of polyvalent ions gives rise to a higher value for a than for 
monvalent ions [35] and a is directly proportional to the available binding site on 
the particle surface [20]. 
I. 7 Steric stabilisation [41]. 
Steric interactions can be attractive (i.e. bridging see section 1.9.4) or repulsive 
[32]. Steric stabilisation can result from the adsorption of macromolecules (such 
as humic substances, polymers, polyelectrolytes etc) onto the surface of the 
colloid when the sorption layer is larger than the EDL so that electrostatic forces 
of attraction no longer dominate [42 - 45]. When loops and tails of the sorbed 
macromolecule extend into solution steric stabilisation results from repulsion 
10 
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arising from energetically unfavourable intermolecular interactions in the overlap 
of the sorbed layers [32, 44, 46]. Also the change in conformation of the 
macromolecules at close approach can be entropically unfavourable giving rise to 
repulsive forces [42]. This is illustrated in figure 1.3. 
Figure (1.3): Schematic diagram of entropic contribution to steric interactions 
[32]. 
Large macromolecules can sorb onto colloidal surfaces in two different ways 
depending upon the solution conditions. At low ionic strength electrostatic 
repulsion from the charges that exist in the sorbing macromolecule cause it to 
have an extended shape and sorbs onto surfaces with a flat conformation close to 
the surface with a small hydronamic radius. At high ionic strengths the 
macromolecule forms coils and loops due to the screening of these charges. The 
sorbed layer has a large hydronamic radius and extends into the solution from the 
surface [47, 48J. This is illustrated in figure 1.4. 
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(a) Extended (b) Compressed 
Figure (1.4): Structure of adsorbed polymers. 
Solution pH also plays an important role in the conformation of the 
macromolecule. When sorption occurs near the pzc of the macromolecule the 
dissociation of the ionisable groups is suppressed and bonding can occur between 
segments giving a coiled conformation. At pH values above or below the pzc of . 
the macromolecule repulsion between ionisable 'fiinctional groups causes the 
macromolecule to have a flat conformation [47]. Steric stabilisation also depends 
upon the size and the loading ofthe macromolecule. Larger macromolecules will 
give rise to a larger hydronamic radius when it adopts a coil conformation than 
the smaller macromolecules [48]. It has been noted that increased loading of 
macromolecule onto the surface increases the hydronarnic radius and hence 
stability [48, 49]. 
1.8 Mechanisms of aggregation. 
Physical mechanisms for colloidal aggregation are by: 
(i) Brownian motion, the random movement of colloids in the 
dispersive medium (can also inhibit aggregation), 
(ii) fluid shear from velocity gradients in any moving dispersive 
medium and 
(iii) sedimentation caused by the differential action of gravity on 
different sized colloids [43, 47, 50, 51]. 
Fluid shear is the dominant mechanism in aggregation [52]. Grace et a1. found 
that the rate determining step of the removal of iron colloids from river water 
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was the coagulation of smaller colloids into larger particles which settled out 
under the influence of gravity [53]. Bauer et al. noted that aggregation can occur 
by van der Waals attraction alone when the surface charge is low (zetapotential = 
-20 to +20 mY) [48]. Aggregation can also occur via a reduction in the EDL 
thickness, charge neutralisation or by the formation of chemical bridges [54]. 
1.9 Factors affecting stability. 
Colloidal stability is affected by particle-particle interactions as well as surface 
chemistry and also by chemical factors which affect the EDL [12]. The 
dispersive medium also affects stability [55]. Stability is affected by changes in 
pH, ionic strength, temperature [35, 56] and by the presence of polymers, polar 
solvents [57] and organic substances [47]. Stability also depends on the initial 
concentration and size of colloids. The chemical stability of iron colloids 
depends on the balance of oxidising and reducing agents in solution [58, 59]. 
Stability is also dependent on the morphology of the colloid [60], surface 
roughness [43] and on the surface to volume ratio [61]. 
1.9.1 The effect of ionic strength and the Shultz-Hardy rule. 
The stability of colloids is dependent upon the ionic strength and the valency of 
the counter-ion [62]. Increasing the electrolyte concentration acts to compress the 
diffuse part of the EDL allowing colloids to approach to distances where the van 
der Waals forces of attraction may dominate. [42,55, 63, 64]. Ionic strength was 
found to have a destabilising influence on actinide and Rare Earth Element 
(REE) colloids, in simulated near-field conditions [62]. 
The critical coagulation constant (CCC, mol dm-3) is the concentration of 
electrolyte at which the dispersion undergoes rapid coagulation. Rapid 
coagulation is arbitrarily defined as a given amount of coagulation in a given 
timescale. The Shultz-Hardy rule relates the influence of counterion valency to 
the CCC [65]. Where 
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CCC = Constant .l 
A2 z6 
(1.6) 
Where A is the Hamaker constant, z is the valency of the counterion and 'Y is a 
constant, which is dependent on the surface potential of the particle [21]. Thus 
colloids moving from areas of freshwater to seawater will coagulate rapidly due 
to the increase of salt concentration [52, 66]. The Shultz-Hardy rule observes that 
the CCC of an ideal electrolyte sufficient to coagulate a colloid depends on the 
inverse sixth power of the valency of the counterions [33]. Polyvalent ions have 
lower CCC values than monovalent ions, this is why trivalent ions of aluminium 
and iron are used as coagulants in waste water treatments [67]. Thorium and 
other tetra- and trivalent cations are often associated with the larger particles 
because they act as bridging agents and induce aggregation to some extent [5, 
35]. Yates et al. noted that the adsorption of Cu2+ ion onto silica formed Si-
O ... Cu2+ ... O-Si bonds between surfaces [68]. 
Coagulation of organic coated iron colloids was increased by a factor of 300 
using divalent ions instead of monovalent [53]. Femandez-nieves et al. noted that 
divalent sol- ions had a greater destabilizing effect than monovalent NO) - and 
cr ions [69]. 
Amal et al. found that above the CCC coagulation of hematite was independent 
of salt concentration as the coagulation became diffusion limited [70]. A useful 
indication of stability is the stability ratio, W, which is the simple ratio of the fast 
and slow coagulation rates [44, 71, 72, 73]. A plot of log W against log 
electrolyte concentration defines the point at which diffusion limited coagulation 
occurs at the intersection offast and slow coagulation [36, 74]. 
Nowicki and Nowicka [67] outline a simple experiment for verifying the Shultz-
Hardy rule by coagulation of a gold sol with mono-, di- and trivalent cations. At 
electrolyte concentrations below that of the CCC (the slow coagulation domain) 
extrapolation to W = 0 allows determination of the CCC value. Colloidal stability 
under given conditions is generally determined by its dependence upon changes 
in ionic strength [6]. The Shultz-Hardy rule does not make allowances for the 
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nature of the cO-IOn. Citrate ions stabilise colloids due to sorption onto the 
surface of the colloid [67]. 
1.9.2 The effect of solvents (hydration effect). 
The strength of the EDL is measured in terms ofthe electrokinetic potential, 1;, 
which is dependent upon the charge ofthe particles and on the dispersive 
medium 
Where 1; = 41tpd (1.7) 
Where p is the global charge density in the immobile fraction of the EDL, d is 
the thickness of the mobile part of the EDL and g is the dielectric constant of the 
medium [75]. Thus the addition of a polar solvent (e.g. acetone, alcohols) to the 
dispersive medium can induce coagulation of a colloid in the presence of an 
electrolyte below its CCC due to the compression of the EDL [53]. There are 
exceptions, which do occur because of secondary interactions of the solvent with 
the EDL structure [6]. Galembeck et al. have noted the effect of solvent vapours 
on the stability of latex colloids [76]. The smaller chain solvents such as 
methanol, ethanol, propanol and 2-butanol were found to induce coagulation 
while the longer chain solvents were found to stabilise the latex colloids by 
modification of the surface. 
As stated above the DLVO theory fails to account for forces arising from the 
solvent molecules surrounding the surface [32]. The hydration theory describes 
the formation of hydration shells surrounding the surface of the colloid due to the 
orientation of water dipoles. The degree of orientation in these shells decreases 
as the distance from the colloid surface increases. The hydration shells of two 
interacting colloids act in the same way as the EDL causing repUlsion at close 
separations although the repulsive force only extends a few molecules thickness 
away from the surface. This is illustrated in figure 1.5. 
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Figure (1.5): Orientation of water molecules in hydration shells [32]. 
AlIen et al. investigated the stability of silica in increasing electrolyte 
concentration [77]. They found that the silica colloids exhibited greater stability 
than predicted by the Schultz-Hardy rule and that at low pH values the silica 
colloids were stable irrespective of the electrolyte concentration. This increase in 
stability was attributed to solvation of the surface of the colloid where one water 
(or alcohol) molecule can bond to two Si-OH groups at a time. These hydrogen 
bonds are stronger than van der Waals forces leading to a strongly hydrated 
surface. Silica loses its stability by ion-exchange at the surface leading to fewer 
binding sites for water molecules and thus the stabilizing effect of the bound 
water is lessened. The larger, more polarisable alkali cations are more likely to 
exchange due to their lower hydration energy. Thus the ability of the cations to 
exchange lies in the series Cs + > K+ > Ca2+ > Li+. At low pH/low salt 
concentration there is little ion-exchange whereas at high pHi high salt 
concentration there is more ion-exchange and coagulation occurs. Y otsumoto et 
al. also noted the increased stability of silica due to the repulsive hydration force 
[78]. They also noted the increased stability of rutile, which they explained by 
the hydration force created by the sorption of hydrated counter-ions onto the 
surface. The exceptional stability of alurnina has been noted and attributed to the 
formation of the hydrated AIl3 polycation [55, 79, 80]. The additional short range 
repulsive force « 3nm) has been noted but the mechanism of stabilisation is 
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uncertain. Beattie et al. have attributed the enhanced s tability of alumina and 
bed formation of a thin 
+ and OH' ions into the 
boehmite to hydration forces [55]. Karaman et al. descri 
porous hydrated gel layer formed by the penetration of H 
surface layers of the oxide and reaction with the ampho teric -OH groups [79]. 
ric stabilisation at close 
in the stabilisaton of 
Liu et al. have suggested that the polycation provides ste 
distances [80]. Hydration forces have also been noted 
colloids by the adsorption of proteins [34]. 
1.9.3 The effect of pH. 
Altering the pH to a value near the point of zero charge ( pzc) of the colloid will 
he functional groups at 
on arising from surface 
induce coagulation [75, 81, 82]. At the pzc ionisation of t 
the surface will be reduced and the electrostatic repulsi 
charge will be at a minimum and the colloids become uns table. The pzc of some 
n table (1.1) below. common minerals found in soils and sediments are given i 
Mineral 
Hematite, a-Fe2O) 8.2 [81] 
Natural, a-Fe2O) 4. 
Goethite, a-FeOOH 7. 
Boehmite, y-AlOOH 8. 
Alumina, AhO) 8-9 [82, 
Quartz, Si02 2.0 r84 
Montmorillonite 2. 
Kaolinite 4. 
Zircon, Zn02 8 
MgO 12 
Table (1.1): Point of zero charge of some common soil co mponents. 
Clay colloids (bentonite, hematite, goethite, kaolin, mon tmoronillite) have low 
f natural waters. The pzc values and so are stable within the pH range 0 
Zetapotentials of these colloids were found to become more negative as pH 
e surface [81, 86]. The 
net negative charge at 
increased due to deprotonation of hydroxyl groups at th 
colloids had a net positive charge at low pH values and a 
high pH values. 
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Silica colloids show stability even at their pzc due to hydration effects (see 
section 1.9.2). Colloids also undergo charge reversal due to changes in pH. Silica 
changes from negatively to positively charged with increasing pH due to reduced 
dissociation of silanol groups or their protonation. 
An important property of plate-like clay colloids is their variability in surface 
charge due to the different structure at the edge and basal face of the plate [27]. 
For example kaolinite colloids can undergo charge reversal from positive to 
negative with increasing pH at the edges while the face remains negatively 
charged over the whole pH range. Thus clay colloids can undergo three types of 
association depending upon the pH: (i) Edge-face coagUlation occurs at low pH 
values where the edge and face have opposite charge, (ii) face-face coagulation 
occurs at high pH values and high ionic strength where the edge and face both 
carry negative charge and the EDL is compressed enough to allow van der Waals 
forces to dominate. At low ionic strength the EDL repulsion prevents 
coagulation. (iii) edge-face association changes to edge-edge association at just 
below the PZC of the edge and at high ionic strength due to charge reduction and 
compression of the EDL at the edges [44, 87]. When both positive and negative 
charge exists on a surface the adsorption of both counter and co-ions becomes 
important [69]. 
Changes in pH also affect the sorption of organic components such as humic and 
fulvic acids onto the colloid surface. Humics sorb most effectively at low pH 
values where the electrostatic repulsion from surfaces of like charge is reduced 
and the humic is in its non-dissociated form [20, 46]. 
1.9.4 The effect of adsorbed layers. 
Generally colloids in the presence of polymers, polyelectrolytes or 
macromolecules exhibit three basic phenomena, charge stabilisation, steric 
stabilisation and aggregation [88]. 
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The stabilizing effect of organic matter [89, 90], fulvic acid [83], Humic acid 
[81] dissolved organic carbon [20, 42], anionic surfactants [91], Yttrium oxide 
[92] and citrate ions [67] have been noted in the literature. Mayer et al. noted that 
the presence of dissolved silica stabilized iron colloids in natural waters by 
inhibiting the formation of more stable forms of iron and by contributing to the 
negative surface charge [93]. Organic matter is assumed to give the surface 
charge to particles in suspension [47, 93] and is known to stabilise colloid in 
solution due to electrostatic and steric interactions [71]. There is much evidence 
in the literature of the electrostatic stabilisation of colloids by the sorption of 
charged macromolecules [27, 46, 85, 93, 94]. O'Melia commented on the 
destabilizing power of organic matter on hematite due to charge neutralization at 
intermediate loadings [47]. As the loading of organic matter increases charge 
reversal is observed and the colloid becomes stabilized. This charge reversal 
effect is commonly noted in the literature [45, 48, 49,52,54,71,95-100,]' 
Sorption of humic acid has been shown to stabilize colloids sterically [36, 43, 56, 
71]. Kretschmar et al. noted no change in the electrophoretic mobility of clays 
with the addition of humic acid and deduced that steric stabilisation was the 
stabilizing mechanism [46]. Steric stabilisation is often found to be the dominant 
stabilising force as adjustments to factors known to induce destabilisation, such 
as high ionic strength (electrostatic stabilisation), cooling (entropic steric 
stabilisation), and heating (enthalpic steric stabilisation) were found to have no 
effect [56, 101]. 
The addition of a macromolecule/polymer can flocculate stable colloidal 
dispersion by bridging [11, 54, 94, 102, 103]. Bridging has been shown to occur 
when (i) the particle concentration is high enough that the rate of collision of 
particle is greater than the rate of desorption of the macromolecule from the 
particle surface [45], (ii) When surface coverage is incomplete so that the tails of 
the macromolecules can sorb onto the open sites on another surface [42, 48], (iii) 
the polymer is uncharged [96], (iv) there are attractive forces between the 
segments of the macromolecule [36]. Pizarro et al. noted the bridging of clay 
colloids in the presence of iron colloids [59]. It is also possible to increase 
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stability by sorption onto surfaces which reduced the number of bridging sites 
available [94, 95, 104] 
1.9.5 The effect of colloidal size and concentration. 
It has been noted that even if the initial particle sIze is monodisperse a 
polydisperse system is quickly formed [11, 59] 
(i) Small colloids (1 - 100nm) coagulate rapidly due to Brownian 
motion to form more stable aggregates of 100 - 700 nm. 
(ii) Intermediate size colloids (100 - 700nm) aggregate more slowly 
to form slightly larger aggregates. 
(Hi) The larger colloids (> 700 nm) are removed from the dispersive 
medium by sedimentation [11]. 
Small colloids will coagulate more rapidly because the total particle repulsion is 
smaller than that for the larger colloids [6]. Walker and Bob studied latex 
particles and discovered that the larger particles are comparatively less stable 
than the smaller ones due to the increase in the van der Waals interaction energy 
with particle size and with decreasing separation [43]. 
The initial particle concentration influences the kinetics of the coagulation 
Isedimentation process. At Iow concentration of colloids (down to 2 x 106 
particles cm·3) aggregation rate is linearly dependent upon particle concentration 
[75]. Atteia et al. have shown that the formation of larger particles from smaller 
ones is a continuing cycle and that particles within any given size range are 
completely renewed during a day [105]. 
The DLVO theory fails to predict adequately the stability of colloids in 
concentrated systems because it models the interaction between pairs of colloids 
only. At high colloid concentrations the particles are in close proximity to each 
other and the average interparticle distance is closer to the range of van der 
Waals forces. SenGupta et al have modified the DLVO theory to allow for 
muitiparticle interactions [106]. The model predicts that an increase in the 
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particle volume fraction wi11lead to a loss in stability at even low ionic strengths. 
The modified theory also predicts an increase in stability at high to moderate 
ionic strengths due to compression of the EDL. The EDL acts to push one colloid 
away and hence towards others and compression of the EDL reduces this 
repulsive force. 
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CHAPTER TWO 
DRIGG NEAR FIELD COLLOIDS -
EXPERIMENTAL 
22 
2.1 Introduction 
2.1.1 Radioactive waste and the Dri gg site. 
Every industry generates waste and the safe disposal of this waste is a major 
issue. Waste from the nuclear industry is separated into three categories: High-
level (HLW), Intermediate-level (ILW) and Low-level waste (LLW). Of major 
interest in this thesis is LLW, which is of low radioactive content and contains 
radionuclides of short half-lives. The products from the reprocessing of one 
tonne of used fuel are: 
(i) 0.1 m3 ofHLW containing 99 % of the radioradioactivity 
(ii) 1m3 ofILW containing I % of the radioradioactivity 
(iii) and 4 m3 ofLLW which contains less than 0.001 % ofthe 
radioradioactivity from spent fuel. 
Radioactivity levels for LLW in the UK are less than 4 GBq per tonne of alpha 
radioactivity and less than 12 GBq per ton of beta/gamma radioactivity. LLW 
generally consists of packaging, protective clothing, laboratory equipment and 
scrap metal as well as material from decommissioning nuclear and industrial 
sites. 
The Drigg site (figure (2.1)) is owned by BNFL plc. and has been the UK's main 
solid LLW disposal site since 1959. The site is located 6 miles south of the 
Sellafield site in West Cumbria and provides radioactive waste disposal for a 
wide variety of customers including hospitals, research establishments, and 
agriculture as well as BNFL sites and other nuclear power stations. The major 
contaminating radionuclides are 3R, 90Sr, 137Cs, 134CS, 106Ru and 141Ce. Since 
disposals began at Drigg more than 750,000 m3 of LLW has been disposed of, 
the majority arising from Sellafield. The areas for disposal within the site are the 
trenches and the vaults (figure (2.2)). The trenches and vaults are known as the 
near-field. All areas outside of these areas are known as the far-field. 
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Figure (2.1): Schematic diagram ofthe Drigg site. 
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Drigg 
Laboratories 
Figure (2.2): Schematic diagram showing position of the standpipes within the 
trenches. 
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To improve waste disposal BNFL has implemented a waste compaction program 
and the construction of steel-reinforced concrete-lined vaults. LL W waste is now 
compacted and grouted into containers that are stacked closely together in the 
vaults. The waste compaction allows for more efficient use of the vault space, 
which in turn extends the life of the Drigg site itself. In 1988, waste disposal 
started in Vault 8, which has a capacity of 180,000 m3• Once the capacity of the 
site has been exhausted the vaults and trenches will be covered by a thick, 
durable clay cap as a final barrier. 
2.1.2 Aims 
The aim of this investigation was to answer the following questions: 
(i) What concentrations of colloids are present within the trench 
groundwater? 
(ii) What is their composition? 
(iii) Are they radionuclide bearing? 
This project will fonn part of BNFLs post closure safety case on the Drigg site. 
For this it is essential to know what sort of colloids are present, whether they 
interact with radionuclides and if there is possibility for enhanced transport of 
colloid-borne radionuclides. This project will confinn and enhance the 
preliminary work perfonned in this area [107]. 
This work was run in parallel with two other proj ects one studying the colloids in 
the far-field, both above and below the trenches in tenns of groundwater flow 
across the site, and the other studying the presence of organic matter within both 
the near-field and far-field. 
2.2 The sampling site 
The trenches are cut into the boulder clay of the area and, when filled, were 
covered with layers of stone and soil. A cementlbentonite wall has also been 
included at the north-east corner of the trenches reaching to the boulder clay 
level. This wall is in place to reduce water movement from trenches in the short 
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term and, in the long-tenn, to prevent the reverse flow of water into the trenches. 
The final layer is a sloped water-resistant cap to reduce the amount of rainwater 
entering the trenches and to guide surface water away to perimeter drainage 
channels. Groundwater flow across the site is thought to be in two plumes (figure 
(2.3)) moving from north to south and approximately east to west through the 
trenches and into the far field. The trenches are finished with a layer of soil in 
which grass and shrubs have been established. Vertical, perforated pipes have 
been installed through the cap into the waste itself allowing monitoring and 
sampling of waters within the trenches, and sampling and venting of gases 
generated by waste degradation. 
Gronndwater Flow 
I Trenches 1 to 7 
Vault 8 
\ 
-.-!' Drigg str 2III1 
Plum,B 
Figure (2.3): Schematic diagram of the Drigg site showing direction of 
groundwater flow. 
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2.2.1 Sampling procedure 
The groundwaters residing in the trenches may contain colloids such as bacteria, 
proteins, polysaccharides, corrosion products, cellulose degredation products, 
hurnic/fulvic acids, clays, sands (See section 1.2). These colloids can be 
generated from degradation of waste; they can arise from the surrounding 
geology or be introduced by the ingress of natural groundwaters from above the 
trenches. The groundwater samples were taken anaerobically using a micro-
purge low-flow procedure. The standing water in the stainless steel standpipes is 
pumped (purged) out so that artefacts generated within the standpipes can be 
removed and trench groundwater can be sampled. These artefacts can be 
generated from the installation of the standpipes [108], from backfilling material 
[109], from corrosion of the standpipes and from exposure of the groundwater to 
the atmosphere [35]. The sampling flow rate is such that it does not exceed the 
rate of ingress of trench groundwater into the standpipe. Rapid pumping would 
cause the head of water in the standpipe to lower dislodging particles sorbed onto 
the sides of the standpipe into the sample, could break up colloidal aggregates 
within the groundwater and re-suspend particles normally immobile in the 
bottom of the standpipe [110]. The groundwaters were sampled into canisters, 
stainless steel reservoirs previously purged with nitrogen to maintain the 
anaerobic conditions. Before leaving the Drigg site the sample canisters were 
wrapped in a double layer of polythene and were transported upright to 
Loughborough University. 
2.2.2 Micropurging procedure. 
The apparatus is shown in figure (2.4). The Micropurging procedure is one 
designed by the British Geological Survey, Keyworth, UK. 
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The water level within the standpipe was measured using a water sensor on a dip-
tape. The height of the sediment at the bottom of the standpipe was measured by 
noting where the downward movement of the sensor became hindered. The 
submersible pump was then lowered down the pipe, such that the pump grating 
sat midway between the water surface and the sediment base and was held in 
place by a metal clamp that rested on top of the standpipe. The water sensor was 
also lowered at the same time as the pump so that the water level could be 
monitored constantly throughout the sampling procedure to ensure there was no 
change. The apparatus was assembled as shown in figure (2.4). The Eh, pH, 
conductivity, dissolved oxygen content (DOC) and temperature probes were 
calibrated (See section 2.3) and screwed in place within the transparent cell. The 
cell was set up so that groundwater entered the cell via the low input tube and left 
by the high exit tube, ensuring that during sampling the cell contained sufficient 
groundwater to take readings. To maintain the anaerobic conditions of the sample 
the entire apparatus was purged with nitrogen. The nitrogen canister was attached 
at tap 1 and the outlet tubing from tap 5 was placed into a bottle of distilled water 
to monitor gas flow. Nitrogen gas flow was directed through the cell by ensuring 
taps 2, 6 and 7 were closed and 1, 3, 4 and 5 were opened. Once the nitrogen was 
observed bubbling through the distilled water the TED oxygen analyser, 
calibrated to 21 % in air, was fitted to the outlet tubing from tap 5. Gas flow was 
continued until the cell was fully purged; the oxygen analyser read 0 %. Taps 2, 
6 and 7 were opened to direct the flow of nitrogen into the stainless steel 
sampling canister. Simultaneously taps 3, 4 and 5 were closed to preserve the 
nitrogen atmosphere within the cell. The gas flow through the canister was 
observed by placing the outlet tubing into a bottle of distilled water. Once the 
canister was fully purged, oxygen analyser reading 0 %, all taps were closed and 
the gas flow ceased. The nitrogen cylinder was removed and clear plastic tubing 
was connected to tap 1. Tap 5 was opened and the generator was started. The 
frequency modulator was then connected to the generator and the frequency 
gradually increased until water flow was observed into the waste jerry can. The 
frequency was adjusted so that the flow of water from the standpipe was 
sustained without the level of water in the standpipe dropping. If the water level 
was depleted at the lowest possible flow rate then the standpipe was deemed non-
transmissive and was unsuitable for sampling. 
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Once a suitable water flow was established the water was directed through the 
cell by closing tap 5 and opening taps 4, 3 and I. Eh, pH, conductivity, DOC and 
temperature were monitored throughout the sampling procedure. Flow rate was 
measured by timing water flow from the clear tubing into a 500 cm3 measuring 
cylinder. Aliquots (10 cm3) were taken from the clear tubing for iron content 
analysis. Groundwater flow into the waste jerry can was continued until all the 
measurements reached a steady state. Groundwater flow was then diverted to the 
canister by closing tap 1 and opening taps 6 and 7. The displacement of nitrogen 
in the sample canister by the water sample was observed by the bubbling in the 
distilled water bottle. Once the canister was full taps 6 and 7 were closed and the 
connectors were moved to a new canister. Some groundwater, for use in other 
projects, did not require anaerobic storage and were therefore collected by 
diverting the groundwater through tap 1 to plastic bottles. Once enough 
groundwater was collected then taps 6 and 7 were closed and tap 1 opened before 
the generator was stopped. Waste groundwater was returned to the standpipe. 
2.3 Sampling measurements. 
Eh, pH, conductivity, DOC and temperature were monitored during the sampling 
procedure to ensure that the groundwater collected was representative of the 
groundwater within that trench. The ground water sample was taken when these 
measurements reached a steady state i. e. when all the standing water in the 
standpipe was replaced by the ingress oftrench groundwater. 
Iron content was measured by colorimetry using two different instruments. A 
Phannacia Biotech Ultraspec 2000 spectrophotometer and a Hanna HI93721 iron 
high range meter were used.The conductivity was measured using an Orion 
conductivity cell with built in thennister connected to an Orion 105 meter. The 
DOC was measured using a Jenway 9071 D02 "clark" type polarographic 
oxygen electrode and oxygen meter. The Eh was measured using an Orion 
platinum combination redox electrode. The pH was measured using an Orion 
KCI-gel filled silver/silver chloride combination electrode. The Eh and pH 
electrodes were both connected alternately to an Orion 250A meter. 
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2.3.1 Conductivity. 
It is possible to estimate the total dissolved solids (TDS) within a water sample 
by measuring its conductivity. Conductivity depends upon the type of ionised 
substances present, their concentration and valence and the temperature at which 
the measurement was made. Pure water is only slightly ionised (1 x 10.7 mol dm-
3 OH- and H30 +) and so offers resistance to the flow of electrical current. The 
presence of charged particles decreases the resistance of the solution. 
Conductivity (measured in Siemens, S) is the reciprocal of resistance. The 
conductivity probe measures the conductance of the solution between two 
parallel plates that form an electrical circuit when submerged within the sample. 
Thus the units of conductance are given in Siemens per unit distance between the 
parallel plates (S cm-I). TDS (mg dm-3) can be estimated from conductivity by 
the relationship 
I~S cm-! - 110 -115 % ofTDS [111] (2.1) 
The table below shows the relative conductivities of waters [111]. 
Water type Conductivity (~S cm-I) 
Distilled water <1 
Rain water 20-40 
Unpolluted surface water 30 -400 
Wastewater treatment effluent 300 -1000 
... Table(2.1): RelatIve conduct1Vlhes ofvanous types of water. 
Calibration of the conductivity probe was performed with constant stirring using 
a potassium chloride standard solution (Hanna Instruments) which gave a 
conductivity of 1431 ~S at 2SoC. Temperature measurements were also taken 
using this probe. 
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2.3.2 Dissolved oxygen content <DOC). 
The amount of oxygen dissolved in a body of water will influence the chemistry 
and speciation of elements within the body of water. Low DOe is an indication 
of microbial radioactivity in the decomposition of organic matter. The amount of 
dissolved oxygen (DO) within a water sample is dependent on the temperature, 
partial pressure of oxygen, salinity, turbulence and the chemical and biochemical 
oxygen demand (eOD and BOD respectively). Oxygen is only sparingly soluble 
in water, 8.58 mg dm· l at 1 atmosphere and 2Soe [112]. Diffusion of atmospheric 
gases through the pump tubing can introduce significant levels of oxygen into the 
sample [110]. 
The DOe probe contains an electrode separated from the solution by a 
selectively penneable membrane. Only oxygen can diffuse across the membrane 
into the buffer solution surrounding the electrode. The reaction at the cathode is 
02 (aq) + 4H+ + 4e' ~ 2H20 (I) (2.2) 
The reaction at the anode is 
(2.3) 
The meter then converts the resulting electrical current to DOe (mg dm'l) from 
values obtained by calibration. The DO probe was calibrated as per the 
manufacturers instructions. A zero DO reading was obtained by immersing the 
probe in a sodium sulfite solution (2 g in 100 cml deionised water) for 10 
minutes. The probe was then suspended approximately 1 cm above deionised 
water and the calibration slope was altered to the correct saturation value which 
is dependent upon the atmospheric pressure. 
2.3.3 Eh. 
Eh measures the redox potential of a system in m V. An oxidation reaction is 
where a substance loses or donates electrons and a reduction reaction is where a 
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substance gains or accepts electrons. Eh gives an indication of how oxidising or 
reducing a system is. Highly oxidising waters are represented by high Eh values 
and highly reducing waters by low Eh values. The Eh of a redox reaction 
Ox + ne- ~ Red 
can be calculated using the N emst equation 
Eh = Eo + RTln{Ox} 
nF {Red} 
(2.4) 
(2.5) 
where {Ox} and {Red} are the activities of the oxidising and reducing species, 
which can be approximated to their concentrations in dilute systems. R is the 
universal gas constant, F is Faraday's constant and T is the temperature (K). Eo is 
the standard electrode potential of a redox reaction ifboth reducing and oxidising 
species are in their standard states at equal concentrations with unit activities. Eo 
is measured against the standard hydrogen electrode (SHE) but as the measuring 
apparatus is cumbersome Eh measurements in the field are measured indirectly 
and then a correction factor is applied. An AgI AgCI electrode was used to 
measure Eh in the groundwater samples and to standardise these readings against 
the SHE a correction factor was added to the measured value. 
Correction factor (m V) = 224 - Temperature ("C) (2.6 ) 
The Eh electrode is calibrated usmg two solutions prepared as per the 
manufacturers instructions. Solution A was prepared by the addition of 4.22 g of 
potassium ferrocyanide and 1.65 g of potassium ferricyanide to 100 cm3 of 
deionised water giving an Eh value of approximately 240 mY. Solution B was 
prepared by the addition of 0.422 g of potassium ferrocyanide, 3.39 g potassium 
fluoride and 1.65 g of potassium ferricyanide to 100 cm3 deionised water giving 
an Eh value of approximately 300 m V. As long as the difference in the measured 
Eh between the two solutions was approximately 66 mV then the probe was 
deemed to be working correctly. 
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2.3.4 pH. 
The pH of a solution is defined as the negative logarithm to the base 10 of the 
hydrogen ion radioactivity. For dilute solutions the hydrogen radioactivity can be 
approximated to the hydrogen ion concentration [24]. Thus 
(2.7) 
The pH of water can affect the surface charge of surfaces and therefore their 
affinity for cations and anions [113]. It can also affect the solubility and 
hydrolysis ofradionuclides [114, 115]. The pH of pure distilled water is defined 
as having a pH value of7 [24]. The table (2.2) below shows pH values for typical 
waters. 
Water type pH 
Rainwater or distilled water [111] 5.5-6.0 
Streams 6.6 - 8.0 
Groundwater 7.0-8.0 
Lake 7.7 
Soda lake 9.6 
Table (2.2): relative pH values ofvanous types of water [112]. 
The pH probe consists of an Agf Agel reference electrode that rests in a buffer 
solution of known pH within a glass electrode. The surface of the glass is 
covered in bound oxygen atoms, which will gain a net positive charge by 
hydrogen bonding with protons when immersed in an acidic solution and remain 
negatively charged when immersed in a basic solution. The charge generated on 
the sample side of the glass electrode is balanced by the association or 
dissociation of protons from oxygen atoms on the buffer side of the electrode. 
This causes a change in the electrical potential of the buffer solution which is 
measured and converted to a pH value. The pH electrode was calibrated using 
three standard buffer solutions at pH 4, 7 and 10 (Fisher Scientific). 
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2.3.5 Iron content. 
The iron content of the groundwaters was measured so that it could be 
determined whether any iron generated from within the standpipes was removed 
before the sample was taken. Soluble iron would be generated from the corrosion 
of the standpipes and would be removed from solution by precipitation due to 
exposure to the atmosphere. During purging any iron generated within the 
standpipes was removed and when a steady value was reached then the iron 
content would reflect the iron inherent in the groundwater. 
The iron contents of the groundwater samples were measured by colorimetry. For 
the first groundwater sample P3/3pl1K516 aliquots were taken at various points 
during the sampling regime and were returned to the Drigg Laboratories for 
analysis. Iron content was measured by adding potassium thiocyanate to an 
aliquot of acidified groundwater and measuring the absorbance at 480 nm using 
the Pharmacia Biotech Ultraspec 2000 spectrophotometer. The iron content of all 
the other samples were measured using an ion specific meter and iron specific 
reagents from Hanna instruments. The meter was specific for iron in the 0.00 -
5.00 mg dm·3 concentration range. Groundwater samples were taken using a 10 
cm3 syringe and diluted using distilled water if necessary. 
On returning to Loughborough the samples were again analysed for Eh, pH, 
DOe, conductivity and iron content. These measurements give a good indication 
ofthe integrity ofthe sample and its anaerobic state. 
2.4 Filtration of groundwaters. 
The groundwaters were filtered as soon as possible after arrival at 
Loughborough. The groundwaters were filtered anaerobically so that each solid 
and colloidal particle size fraction in the water could be isolated and evaluated. 
Four membranes were used 12 f,lm, 1.0 f,lm, 30,000 D and 500 D. The 12 f,lm and 
1.0 f,lm membranes were Whatman polycarbonate (hydrophilic) cyclopore track 
etched membranes. The 30,000 D and 500 D membranes were Amicon, Diaflow 
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ultrafiltration regenerated cellulose membranes. A Dalton (D) is equivalent to 
molecular weight (MWT), therefore 30,000 D is equivalent to 30,000 MWT. As 
the relationship between MWT and pore size is not linear the pore size of the 500 
and 30 000 D membranes can be given as < lurn and 5 - 10 urn respectively [116 
- 120]. The 12 f.lm membrane was present to prevent clogging of the subsequent 
membranes. The filtrate between 1.0 f.lm and 30,000 D contained the larger 
colloidal fraction of particles. The filtrate between 30,000 D and 500 D contained 
the small colloidal fraction. The filtrate below 500 D was assumed to contain the 
ionic fraction of the groundwater. Humic acids are given as 1.5 - 25 urn and 
fulvic acids as < 1.5 urn [114,121]. 
2.4.1 Filtration procedure. 
A diagram of the anaerobic filtration apparatus is shown below (figure (2.5)). 
The filtration rig consists of four Amicon Ultrafiltration cells set up to allow the 
consecutive filtering of samples through all four membranes. The dialysis 
selector diverts nitrogen gas flow either into the filtration rig or into the canister. 
Introduction of nitrogen into the canister causes groundwater to be displaced and 
hence introduces the sample into the filtration rig. A diagram of the ultrafiltration 
cell is shown in figure (2.6). 
liquid 
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dialysis 
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~ 1 ( 1 .,. L.. 
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Figure (2.5): Schematic diagram ofthe filtration rig. 
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Figure (2.6): Schematic diagram of an ultrafiltration cell. 
The cells were assembled as shown, the first containing the 12 ~m membrane, 
the second the 1.0 ~m membrane and the third the 30,000 D membrane. 
Filtration through the 500 D membrane was performed separately and due to the 
low flow rate only up to 500 cm3 of the groundwater was filtered through the 500 
D membrane. The cells were counected to the filtration rig as in figure (2.5). The 
inlet tubing to the canister was purged with nitrogen before connection to the 
canister to maintain the anaerobic conditions as much as possible. The filtration 
rig was purged with nitrogen for two hours to prevent the oxidation of the sample 
and precipitation of colloids during filtering. As the flow of nitrogen through the 
12 and 1.0 ~m membranes was a significantly faster than through the 30,000 D 
membrane, the first two cells were purged for 15 minutes before allowing gas 
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flow through all three cells for the remainder of the purging time. When the rig 
had been fully purged nitrogen flow was diverted through the canister. The inlet 
tap on the canister was opened before the outlet tap so that pressure could build 
up inside the canister as excess pressure inside the rig could cause gas to bubble 
back through the sample in the canister. This could cause contamination of the 
sample and could introduce oxygen into the sample if the rig had not been fully 
purged. Once the outlet tap was opened, pressure inside the canister caused the 
sample to be forced through the rig. A sample of each filtrate was taken by 
opening one of the outlet taps from the cells, otherwise the sample was filtered 
sequentially through all three cells. Once the required volume of sample had 
been introduced to the rig the inlet and outlet taps on the canister were closed and 
the nitrogen flow diverted through the filtration rig so that the filtration of the 
remaining sample could be completed. To collect the 500 D filtrate three 
membranes were used, 1.0 ~m, 30,000 D and 500 D. The rig was purged for 24 
hours before filtering. After filtration each membrane was removed from the 
filtration rig and was dried in a desiccator. The rig was cleaned between each 
sample with dilute hydrochloric acid and rinsed with distilled water. 
2.5 Confirming the presence of colloids. 
The groundwater samples were analysed by (i) photon correlation spectrometry 
(peS) to determine the average size and size distribution of particles in the 
groundwaters (ii) the colloids isolated on the membranes were observed by 
scauning electron microscopy (SEM) which allowed the calculation of the 
colloidal popUlation. 
2.5.1 Sizing measurements. 
The size distribution and average size of the colloids was measured by photon 
correlation spectrometry (PCS) using a Malvern Zetamaster S photon correlation 
spectrometer. After dispensing, each groundwater sample was transferred quickly 
(to minimise the effect of oxidation of the sample on the measurement) to a 
clean, dust-free, UV grade plastic cuvette. The groundwater sample was 
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illuminated by a 4 m W laser diode which operated at 670 nm. The light scattered 
at 90° was detected with a photomultiplier and the resulting electric pulses were 
analysed by the computer. Each sizing result consists of 10 measurements taken 
over a period of 3 minutes for each measurement. Grubbs test was applied to the 
results at 95 % confidence limit to remove outliers [122]. 
2.5.2 SEM analysis of filters. 
Various volumes of sample were filtered through 12 flm, 1.0 flm and 30,000 D (5 
- 10 nm) membranes. The membranes were then dried in a desiccator. A 
segment of each membrane was taken and vacuum coated with gold and was 
then analysed using scanning electron microscopy (SEM). Initial analyses were 
performed using a Cambridge Stereoscan 360 with Link System Energy 
Dispersive Analyser. Further analyses were performed with a Leo 1530VP SEM 
with EDAX Phoenix EDS analyser. The analyses were performed at the Institute 
for Polymer Technology and Nuclear Engineering (IPTME) at Loughborough 
University. A JEOL JEM 100CX coupled STEM (scanning transmission electron 
microscope) was also used for analysis of colloids on the 30,000 D membrane as 
it could achieve much greater resolution. The analysis of the membranes in 
particular the 30,000 D membranes was a delicate operation as the drying 
process could cause the membranes to curl up and crack. Careful focussing ofthe 
electron beam was also required as the membranes would often disintegrate 
under high magnification. Assuming uniform coverage the colloid population 
was calculated using equation (2.8). From the operating instructions for the 
stirred ultrafiltration cells the effective membrane area stated to be 41.8 cm2 
[123] 
Colloid population = 
(colloids dm·3) 
..N. 
A 
x 
Where: N is the number of colloids counted 
A is the area observed (cm2) and 
41.8 x 
V is the volume of sample filtered (cm3) 
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(2.8) 
2.5.3 Transmission electron microscopy (TEM) analysis of filters 
To determine whether TEM could be used to analyse the membranes, one of the 
membranes that had been used for SEM analysis was placed sample-side down in 
methanol and sonicated for 1 hour to remove the colloids from the membrane 
surface. The resulting liquid was then evaporated onto a metal grid and then 
viewed using the TEM facility on the coupled STEM at IPTME. The resulting 
images showed that the membranes disintegrated slightly during the sonication as 
fibrous material was clearly visible. Therefore TEM analysis was deemed not 
suitable for the analysis ofthe membranes. 
2.6 Identifying colloid composition. 
Techniques used to analyse the colloidal composition were (i) measurement of 
zetapotential, (ii) measurement of UV absorption and (iii) energy dispersive 
analysis (EDA) using the SEM. 
2.6.1 Zetapotential measurements. 
Zetapotential as discussed previously (section 1.4.3.) is the electrical potential at 
the surface of shear and gives an indication of the stability of the colloid. The 
sign on the charge can also give an indication of the composition of the colloid. 
Zetapotential measurements were taken using a Malvern Zetamaster S photon 
correlation spectrometer. The sample to be analysed was injected into a cell, 
which had platinum electrodes at either end allowing a voltage to be passed 
through the cell. A 2mW Helium Neon laser illuminated the sample. The light 
from the laser was split into two beams, which crossed within the sample cell at a 
known angle. The reference beam was directed into the receiver assembly and 
the other beam was scattered by the sample. The receiver assembly detects the 
scattered light from both beams as a voltage was applied across the sample cell. 
The applied voltage forced the particles to move within the cell. The signal from 
the receiver unit allowed the mobility and hence zetapotential of the particles to 
be calculated. The zetapotential was measured for both unfiltered samples and 
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for each ofthe subsequent filtrates. Grubbs test was applied to the results at 95 % 
confidence limit [122]. 
2.6.2 UV absorption. 
The groundwaters were analysed by UV absorption to see if any comparison 
could be drawn with solutions and suspensions of natural materials. 
Measurements were taken using a Philips UVNIS Scanning Spectrophotometer, 
model PU8730. The samples were scanned from 200 to 900 nm. Solutions of 
ferrous and ferric sulphate (Hopkin and Williams, GPR), boehmite (BA 
Chemicals), silica (Aldrich), purified humic (Aldrich) and haematite colloids 
were also analysed. 
2.6.3 Anerobic-aerobic transition. 
The trench groundwaters are anaerobic but eventually the waters will become 
aerobic in their movement across the site. To investigate the effects of this 
change from anaerobic to aerobic on the groundwaters UV absorbance at 254 
nm, particle size and photon intensity using PCS and DOC measurements were 
taken over a 21 hour period. Grubbs test was applied to the results at 95 % 
confidence limit to remove outliers. 
2.6.4 SEM-EDX. 
The membranes used for the population analysis were also analysed for particle 
elemental composition using the Energy Dispersive Analyser on the SEM. 
Backscattered X-rays were produced from bombardment of the sample by a high 
voltage electron beam. The characteristic energy of the X-ray emission peaks 
produced allowed the identification of most elements. Light elements (above Ne) 
were unable to be detected and therefore organic containing particles were not 
detectable by EDX. 
To discriminate between the elemental composition of the redox-sensitive 
colloids and those stable in solution, an aliquot of aerobic P3/3pl1K538 was 
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taken and filtered through a 1.0llm membrane, to remove the precipitate, and 
then through a O.lllm membrane. Both membranes were taken for X-ray analysis 
using the SEM. The Cambridge Stereoscan SEM was unable to quantify the 
elements present and could only indicate the major, minor and trace elements 
present. The Leo 1530 VP SEM with EDAX Pheonix EDS analyser was able to 
quantify the elements present. To gain confidence in the methodology the 
elemental composition of kaolinite and montmorillonite analysed was by the 
ESEM-EDX analysis and compared to results obtained by ICP-AES 
spectrometry [81]. The results are given in tables (2.3 - 2.4) and showed good 
agreement. 
Na Mg Al Si K Fe 
ICP-AES' 0.28 1.81 14.82 77.56 1.38 2.89 
SEM-EDX 1.69 ± 2.31 ± 9.93± 82.20± 1.63 ± 2.24± 
0.47 0.42 1.79 5.47 0.47 0.51 
Table (2.3): Companson of SEM-EDX wIth ICP-AES data for montmonllomte. 
Al Si K Fe 
ICP-AES' 42.52 55.02 1.75 0.71 
SEM-EDX 38.40 ± 0.51 57.58 ± 0.38 2.34 ± 0.59 1.67 ± 0.15 
Table (2.4): Companson of SEM-EDX wIth ICP-AES data for kaohmte. 
* From [81] corrected for loss on ignition. 
2.7 Radioactivity analysis. 
The following analyses were conducted to measure the radioradioactivity of the 
groundwater samples (i) Tritium radioactivity analysis by LSC, (ii) Gross alpha 
radioactivity analysis, (iii) Gross non-tritium beta radioactivity analysis and (iv) 
Gamma radioactivity analysis by spectrometry. 
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2.7.1 Tritium analysis. 
The liquid scintillation analysis was performed using a Packard Tri-carb Liquid 
Scintillation analyser, model 2750TR series. The counting channel A was set at 
0.0 - 18.6 keY. The sample was purified by distillation. An aliquot of sample 
(75 cm3) was taken and 0.7949 g sodium thiosulfate and 1.186 g sodium 
carbonate were added to stop the volatile components from evaporating. The 
sample was distilled and the first 9 cm3 of distillate were discarded. The next 16 
cm3 of distillate were collected. An aliquot of each distillate (8 cm3) was taken 
and mixed thoroughly with Ultima Gold LLT liquid scintillant (12 cm3) in a 
plastic vial. A blank solution of distilled water (8 cm3) and scintillant (12 cm3) 
was prepared in the same way. All solutions were allowed to dark adapt for one 
hour before counting. All samples were counted for 20 minutes each on the 
required protocol, tritium chaunel was 0 - 18.6 keY. Each vial was then spiked 
with a known amount of tritiated water and shaken thoroughly. Again, after dark 
adaptation, the samples were counted for 20 minutes each on the same protocol. 
The counting efficiency for each sample was then determined using equation 
(2.9) and the tritium radioactivity of the sample at the count date calculated using 
equation (2.10). The errors given arise from standard deviation of the replicates. 
Counting Efficiency % (CE%) = Cs-Cu 
AxVs 
x 100 
H-3 Radioactivity (Bq dm·3) = (Cll - B)x 1000 x Ix 100 
Vx60xCE% 
Where: Cs is the counts per minute of the H-3 spiked sample (cpm) 
Cu is the cpm of the unspiked sample (cpm) 
B is the cpm of the blank solution (cpm) 
As is the radioactivity of the H-3 spike at the count date (Bq cm3) 
Vs is the volume of the spike (cm3) 
V is the volume of sample counted (cm3) 
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(2.9) 
(2.10) 
2.7.2 Gross alpha and non-tritium beta analysis. 
Alpha and non-tritium beta radioactivity measurements were made using a FAG 
FHT650Kl flow-type proportional counter tube with argon/methane counting 
gas in combination with a lead shield and FHT770M sample changer. 500 cm3 of 
the sample were transferred to a beaker and evaporated to about 50 cm3. The 
solution was allowed to cool and was then transferred to an accurately weighed 
porcelain crucible. The beaker was rinsed with minimal amount of distilled water 
and the washings were also transferred to the crucible. Concentrated sulphuric 
acid (1 cm3) was added to the solution to break down any organic matter present. 
The solution was then evaporated to dryness under an IR lamp. The crucible was 
then placed in a preheated muffle furnace for 1 hour at 350°C. The crucible was 
allowed to cool and then weighed accurately. An aliquot of the residue ash 
(0.280 g, or as much as possible) was transferred to a 6cm-diameter planchette. 
The ash was slurried in methanol and distributed evenly across the planchette and 
left to dry. Each sample was counted for at least 20,000 seconds on the detector. 
In order to determine the counting efficiency for alpha and beta an 241 Am and a 
40K standard were used respectively. The counting efficiency was calculated 
using equation (2.11). The radioactivity of each sample at the count date was 
calculated using equation (2.12). Errors are 10' and are determined by counting 
statistics using equation (2.13) 
Counting Efficiency % (CE%) = Cs 
As 
x 100 
Radioactivity (Bq dm·3) = 
(2.12) 
(C -B) x Vt x 1000 x 100 
VcxVxCE% 
Error on radioactivity (Bq dm·3) = .y [(B/Tb x T) + Cl x A 
C-B 
Where: Cs is the number of counts for the 241 Am or 40K standard (counts) 
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(2.11) 
(2.13) 
C is the number of counts for the sample (counts) 
B is the number of counts for the blank sample (empty planchette) 
(counts) 
T is the sample count time (seconds) 
Tb is the blank count time (seconds) 
As is the radioactivity of the 241 Am or 40K standard at the count date (Bq) 
A is the radioactivity ofthe sample (Bq dm'3) 
Vt is the total volume of ash produced from the sample (g) 
Vc is the weight of ash counted (g) 
V is the volume of sample evaporated (cm3) 
2.7,3 Gamma spectrometry 
Gamma radioactivity measurements were made using an EG&G Ortec GEM 
series High Purity Gennanium (HPGe) coaxial detector. 500 cm3 of the sample 
were transferred to a Marinelli beaker and was sealed with tape. When the 
solution to be analysed was less than 500 cm3 the solution was diluted to the 
required volume with distilled water. If needed concentrated nitric acid was 
added to dissolve up any solids present. Each sample was counted for 180000 
seconds live time. A blank solution of distilled water (500 cm3) was also counted 
and each solution was blank subtracted. The radioactivity of each sample was 
calculated using equation (2.14). The counting efficiency of the detector had 
been previously detennined. Errors are 10' and are detennined by counting 
statistics (equation 2.13). 
Radioactivity of isotope (Bq dm'3) = C x 100 x 1000 x 1 
CE% x V x Pr x T 
Where:C is the gross number of counts for that isotope (counts) 
(2.14) 
B is the number of counts in the background for region of the isotope 
(counts) 
CE% is the counting efficiency for that isotope (%) 
V is the volume of sample counted (cm3) 
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Py is the gamma probability 
T is the sample count time (seconds) 
Tb is the background count time (seconds) 
The counting efficiency for each isotope was determined using a standardised 
solution of radioisotopes (National Physical Laboratory) of known radioactivity. 
The gamma probability is the probability that the decay of the isotope will result 
in a gamma photon at a given energy. 
2.7.3 Preparation of membranes for radioactivity analysis. 
The membranes were prepared for radioactivity analysis by microwave digestion. 
A CEM Corporation Microwave Sample Preparation System, model MDS-2100 
was used with UDV-IO Ultimate Digestion Vessels. Each membrane was 
weighed into the Teflon vessels. Aqua regia (16 cm3) was added to each vessel 
(concentrated hydrochloric acid: Concentrated nitric acid, I :7). Concentrated 
hydrofluoric acid (4 cm3) was then added to each vessel. The digestion vessels 
were assembled and were placed on the rotor inside the microwave. The pressure 
and temperature were monitored for the vessel containing the most reactive 
sample. The first stage of the digestion procedure involved a series of ramps and 
holding temperature and pressure values up to 180°C and a maximum pressure of 
350 psi. The solutions were then left to cool in the microwave. Once cool the 
vessels were disassembled and the hydrofluoric acid was quenched by the 
addition of 4 % boric acid (30 cm3). The vessels were then reassembled and 
returned to the microwave. The second digestion sequence ramped and held the 
temperature up· to 200°C and then allowed the temperature to fall to room 
temperature. The maximum pressure was 80 psi. Once sufficient time had been 
allowed for the solutions to cool to ambient temperature the vessels were 
disassembled. The digested solutions were transferred to Nalgene bottles. The 
vessels and lids were rinsed with copious amounts of water and then were left to 
dry. A blank digest of distilled water (10 cm3) was run between each sample 
digest to clean the vessels. The digested solutions were diluted to 500 cm3 for 
gamma spectrometry and then used for gross alpha and non-tritium beta analysis. 
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2.7.4 Effect of anaerobic-aerobic transition on radioactivity distribution 
To study the effect of the anaerobic-aerobic change of the groundwaters on 
radioactivity distribution, aliquots (> 500 cm3) of each groundwater sample 
(unfiltered) and of each filtrate « 1.0 f.lm, < 30,000 D and < 500 D) were 
allowed to stand in loosely covered beakers for at least three days to allow each 
solution to go fully aerobic. The resulting precipitates were then isolated on 
Whatman 0.1 f.lm cellulose nitrate membranes. The membranes were dried in a 
desiccator and then microwave digested. The resulting solutions and the filtrates 
were used for radioactivity analysis. 
2.7.5 Ion-exchange experiment. 
To determine the distribution of the gamma, gross alpha and gross non-tritium 
• 
beta radioactivity between cations and anions in the samples, aliquots of known 
volume (-200 cm3) of aerobic unfiltered samples ofP4/4p1lL74, P611pllL78 and 
P5/4p IlL 77 were each passed through separate 20 g samples of ion-exchange 
resin. Amberlite IR-120 and IRA-400 resins were used as strong anion and 
strong cation resins respectively. The eluents were diluted to 500 cm3 with 
deionised water (with the addition of concentrated HCI to dissolve any 
precipitate) and counted for gamma radioactivity. The diluted samples were then 
used for gross alpha and non-tritium beta analysis. The resins were counted in 50 
cm3 plastic pots and counted for gamma radioactivity. The counting efficiency 
for the resin samples was determined by 20 g of fresh resin with known amounts 
of 137 Cs and 40K. The resins were not used for gross alpha and gross non-tritium 
beta analysis as too much solid would be generated following ashing to get a 
reasonable count rate. 
2.7.6 Identification ofradionuclides. 
(a) Gamma spectrometry. 
To determine the radionuclides present within the groundwaters various analyses 
were undertaken. Gamma samples were recounted using a Ge(Li) detector at the 
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Geography Department, Loughborough University. The greater sensitivity of this 
detector allowed the identification of radionuc1ides present at trace levels in the 
groundwaters below 700 keY. 
(b) Alpha spectrometrv. 
An attempt was made to identify alpha emitters within the Drigg samples by pH 
dependent extraction using TTA (2-thenoyltrifluoroacetone) in xylene [124]. 
Interference with iron prevented adequate source preparation and complete 
extraction of iron proved impossible. Therefore the method was abandoned. 
Sample P5/4pllL77 was prepared for alpha spectrometry [125] following the 
separation method set out in [126]. It was found that passing the sample through 
the TRU-resin column (pre-packed ion exchange resin from Eichrom Ltd) 
ensured complete iron removal from the sample without the need for the addition 
of ascorbic acid. The sample eluent was spiked with 235U as a tracer before 
electroplating at 1 amp for 3 hours. The electroplated sample was counted using 
a Canberra Packard Ltd. 7401 model alpha spectrometer. 
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CHAPTER THREE 
DRIGG NEAR FIELD COLLOIDS -
RESULTS AND DISCUSSION 
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3. RESULTS. 
This chapter reports the results of the Drigg groundwater sampling campaign and 
discusses the improvements made to the sampling procedure. The results of the 
analysis schedule detailed in chapter two are also reported and conclusions are 
drawn with respect to the questions raised by BNFL. 
3.1. Sampling of Drigg groundwaters. 
Seven samples were taken from five different standpipes in the course of this 
study (table (3.1». Each sample was given a unique reference code that indicated 
the location of the sampling point on the Drigg site. Standpipes are designated 
'P' followed by the trench number. The second number indicates the location 
within the specified trench. The third number specifies which standpipe at the 
location and the alphanumeric code is an individual code given to each sample. 
Sample 
P3/3pl1KS16 
P3/3pl1KS38 
P3/3pl/LA52 
P4/Spl/LA51 
P4/4p1 1L74 
P6/1pl1L78 
PS/4pllL77 
Table (3.1): Trench samples taken 
Date 
November 1999 
March 2000 
August 2000 
August 2000 
November 2001 
January 2002 
January 2002 
Standpipe surveys were conducted in November 1999 and November 2001 to 
identify suitable sampling sites. 
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3.1.1 Standpipe survey - November 1999. 
Standpipe To water To sediment Result 
level (m) base (m) 
P2/10 - - Not enough water 
P2lll - - Not enough water 
P2/l2 7.56 9.00 Non-transmissive 
P3/3 7.55 9.28 Sampled 
P3/10 - - Not enough water 
P3/ll - - Not enough water 
P3112 6.98 8.92 Non-transmissive 
P3113 8.38 8.50 Not enough water 
P3114 - - Not enough water 
Table (3.2): standpipe survey results December 1999. 
3.1.2 Standpipe survey - November 2001. 
Standpipe To water To sediment Result 
level (m) base (m) 
P1I8 - - Not enough water 
P4/4 8.77 10.18 Sampled 
P4/l0 12.05 12.09 Not enough water 
P4113 - - Drv 
P4/l4 10.40 - Unreliable water sensor readinl(s 
P5/l 8.59 9.54 Possible 
P5/2 8.47 10.30 Possible 
P5/3 10.11 10.99 Possible 
P5/6 7.70 7.71 Not enoul!:b water 
P5/6A 11.60 11.60 Dry 
P517 12.31 12.32 Not enough water 
P5/9 - 13.90 Up to 2m head of water - possible 
P612 6.55 8.21 Inaccessible 
P6/3 8.01 8.79 Inaccessible 
P6/4 - - Lots of Fe sludge 
P6/5 6.13 9.24 Possible 
P617 - - Unreliable water sensor readings 
P7/l 6.44 8.38 Possible 
P7/4A 7.33 7.86 Possible 
Table (3.3): Standpipe survey results November 2001. 
The number of possible samples was limited due to the number of transmissive 
standpipes and also due to restricted access on the site. The BSE epidemic 
prevented sampling during the spring and summer of 2001. Sample P5/4pllL77 
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was taken in January 2002 from a non-transmissive standpipe but was sampled as 
it was known to have a high radioactivity content. 
3.1.3 Improvements to sampling procedure. 
The sampling procedure defined by Verrall [107] was followed for the collection 
ofP3/3pl/K516 in November 1999. Changes to the sampling procedure for the 
collection of sample P3/3pl1K538 were implemented in March 2000. The 
purging time of the cell and canisters with nitrogen was shortened considerably 
by using the oxygen meter and by purging the canisters before leaving 
Loughborough. The canister seals were checked for leaks by submersing them in 
water whilst pressurised. The pumping time was lengthened to ensure that the 
measurements are stabilised before the samples were taken. Further changes to 
the sampling procedure were made after the March 2000 sampling campaign. 
During the collection of a sample the flow rate of groundwater into the canister 
was found to be - Y. of the flow rate through the cell, thus insufficient sample 
was collected. It was decided to weigh the canisters during sampling to ensure 
sufficient sample was taken. In the future, on repeat visits to a standpipe, it was 
decided to sample from the same depth if the water level was adequate. It was 
also decided to sample from more than one standpipe if possible. Samples 
P3/3pllLA52 and P4/5pllLA51 were collected in August 2000. Weighing the 
canisters was found to be difficult, as flat ground was needed for the scales to 
function. P3/3pl/LA52 was sampled from a comparable depth to the previous 
visits. Included in the cell this time was a dissolved oxygen meter, which allowed 
the measurement of dissolved oxygen content (DOC) within the samples. The 
electrode itself was a "Clark" type polarographic oxygen electrode, model 9071. 
This electrode was included as some of the groundwater samples taken, 
particularly those from outside the trenches (the far-field) [127], were unstable 
and an anaerobic to aerobic transition occurred rapidly. Reasons for this 
instability could be due to inadequate purging of the canisters or sampling 
apparatus before sampling or the introduction of oxygen due to leaks and sample 
handling. This instability could also be due to inherent problems within the 
samples themselves. High levels of DOC would lead to instability due to the 
production of oxygen bubbles within the sample that would lead to rapid 
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oxidisation of the sample. Sample P4/4pl/L74 was collected in November 2001. 
During purging of the canisters for this visit some of the connection valves were 
found to leak nitrogen due to the elevated pressure. This would lead to aerobic 
conditions within the canister due to ingress of oxygen once all excess pressure 
had been released. Thus the valves were checked after each disconnection from 
the purging and sampling apparatus to ensure complete sealing of the system. For 
the final samples taken in January 2002, P6/lpl/L78 and PS/4pI/L77, a Blue-
White F-400 series acrylic in-line flow meter measuring 0.4 - 4.0 dm3 per minute 
flow rates was fitted into the sampling apparatus between tap 2 and tap 6 to gain 
more accurate readings on the flow rate. Before connection of a purged canister 
groundwater flow was directed into an open canister and the measurements were 
allowed to reach steady state at this new flow rate before the sample was taken. 
3.1.4 Field measurements. 
Table (3.4) shows the water, sediment and pump height for each sample 
collected. The three samples from standpipe P3/3p I were all taken at a 
comparable depth. There was within trench comparison with samples 
P4/Sp1 ILAS 1 and P4/4pl/L74 and across trench comparison with samples 
P4/4pl/L74 and PS/4pI/L77. 
Sample Water level (m) Sediment depth (m) 
P3/3pl/KSI6 7.SS 9.28 
P3/3plIKS38 7.08 9.23 
P3/3pl/LAS2 7.S0 9.24 
P4/Sp IILASI 9.32 10.72 
P4/4pllL74 8.77 10.17 
P6/1pllL78 6.46 9.61 
PS/4pIlL77 10.33 11.33 
Table (3.4): Water, sediment and sampling depths. 
Pump height (m) 
8.70 
8.20 
8.50 
10.00 
9.30 
7.90 
IO.S0 
Tables (3.S - 3.10) show the field measurements for each sample and are shown 
graphically in figures (3.1 - 3.6). 
Field measurements for sample P3/3plIKSI6 are shown in table (3.S) and Figure 
(3.1). Sampling started at 32.00 minutes and finished at S8.00 minutes after the 
S4 
start of pumping. The iron readings were not performed in situ. Aliquots were 
taken and analysed in the Drigg laboratory. The sampling procedure set down by 
Verrall [107] placed emphasis on the conductivity readings reaching a steady 
state before the sample was taken. Post-sampling analysis of the data showed that 
the Eh readings were still falling at the time the sample was taken although all 
other readings were comparatively stable. 
Field measurements for sample P3/3p1/K538 are shown in table (3.6) and Figure 
(3.2). Sampling into the first canister started at 47.50 minutes after the start of 
pumping after approximately 65 dm3 of sample had been purged from the 
standpipe. The second canister was connected after 70.00 minutes and the third 
after 88.50 minutes. Sampling was complete after 11 0.00 minutes. Iron 
measurements were taken until three consecutive readings gave similar results. 
The slight variation in Eh and conductivity at 60.00 minutes is due to a minor 
adjustment in the frequency of the modulator at this time. Eh, iron content, 
temperature and pH were stable when the water was sampled into the canisters. 
Conductivity was falling when sampling into the canisters was started and 
continued to fall throughout the collection. This is the only indication that a 
representative sample may not have been taken even though the standing water in 
the standpipe had been completely purged and the water sampled was from 
ingress. Sampling time was limited for this groundwater sample due to the lack 
of storage space for the wastewater and the time limit imposed by Health Physics 
who must monitor the equipment before anything can be moved from the 
sampling site. 
Field measurements for sample P3/3pl/LA52 are shown in table (3.7) and Figure 
(3.3). Sampling into the canisters started at 67.50 and 109.00 minutes after the 
start of pumping. Sampling into the 20 dm3 container started at 98.50 minutes 
after the start of pumping. Eh and pH remained constant throughout sampling. 
The change in the temperature readings is due to the changes in the flow rate. A 
decrease in the flow rate when the water flow has been directed into the canisters 
causes heating of the water in the cell by the sun to become more noticeable. The 
fall in temperature at 100.00 minutes is due to the flow rate change from canister 
to waste jerry can and the subsequent rise arises from the sampling into the 
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second canister. Conductivity is affected by both flow rate and temperature 
changes. The sharp fall in flow rate causes a sharp increase in the conductivity 
measurements at 67.50 minutes. The change in iron content and DOC throughout 
sampling is small although there is a noticeable change around 100.00 minutes 
into sampling which can be attributed to the change in flow rate at that time. Iron 
content measurements were taken before and after each collection vessel was 
filled. 
A comparison in the field measurements from all three samples from standpipe 
P3/3p 1 shows the effect of seasonal variation on the groundwaters. The pH 
values were consistent across all three samples. The conductivity of the samples 
taken in November and March were comparable as were the flow rate and 
temperature. However the conductivity in sample P3/3p lILA52, collected in 
August has much lower conductivity values although the temperature was higher 
and the flow rate lower for this sample. The Eh shows good agreement between 
the samples taken in March and August. The iron content is variable for all three 
samples with the highest values occurring in the sample taken in August. 
Field measurements for sample P4/5pllLA51 are shown in table (3.8) and Figure 
(3.4). Sampling into the canisters started at 75.00 and 128.00 minutes after the 
start of pumping. Sampling into the 20 dm3 container started at 108.00 minutes. 
Eh and pH remained constant throughout sampling. The conductivity and 
temperature again showed dependency upon the flow rate. All readings were 
stable before sampling began. Iron content measurements were taken before and 
after each collection vessel was filled and showed consistency during sampling. 
Field measurements for sample P4/4pllL74 are shown in table (3.9) and Figure 
(3.5). Sampling into the canisters started at 159.00, 205.00 and 255.00 minutes 
after the start of pumping. Sampling into the 20 dm3 container started at 245.00 
minutes. Iron content measurements were taken before and after each collection 
vessel was filled and showed consistency during sampling, as did the pH. The 
Eh, temperature and Doe showed some variation due to changes in the flow 
rate. All readings were stable before sampling began although the conductivity 
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measurements showed a sharp drop at 184.00 minutes which does not correspond 
to any other changes. 
Field measurements for sample P6/lpl/L78 are shown in table (3.10) and Figure 
(3.6). Sampling into the canisters started at 150.00, 180.00 and 208.00 minutes 
after the start of pumping. Sampling into the 20 dm3 container started at 259.00 
minutes. The temperature varied during purging but remained constant whilst 
sampling. The conductivity measurements were constant throughout the 
sampling procedure. The DOe and Eh showed a change at 150.00 minutes when 
sampling started but were stable before and after this change. The pH and Eh 
electrodes shared a meter, which meant that only one probe could be connected 
at one time. The Eh probe connection became difficult to disconnect and 
reconnect therefore it was decided to monitor only Eh as, by previous sampling 
experience showed, the pH remained constant throughout sampling. The pH 
measurements were ceased at 154.00 minutes. 
Sample P5/4pl/L77 was taken aerobically as the standpipe was found to be non-
transmissive. The water level gradually fell and Eh increased from - - 70 to - 14 
mV (corrected) throughout sampling. It was decided to analyse the sample as 
previous monitoring had shown the groundwater to be more radioactive than the 
others previously sampled and this may make the identification of radionuclides 
present easier. 
Sampling Eh Conductivity Temperature Flow rate Iron 
time pH (mV) (J.lS cm-I) CC) (s dm-J) Content 
J.min:sec) Corrected JppmL 
9:00 5.10 32.7 1106 11.3 - 9.73 
16:00 6.06 32.3 1040 11.7 - 11.50 
24:00 6.61 22.1 987 11.9 52 12.14 
31:00 6.73 7.0 952 12.0 52 7.99 
39:00 6.81 1.9 924 12.1 - 9.33 
51:00 6.77 2.9 883 11.1 - -
60:00 6.85 -7.7 858 11.7 - -
66:00 6.83 -7.3 855 11.3 - 13.35 
Table (3.5): Samplmg measurements for sample P3/3pI1K.516, December 1999. 
57 
-----------------------------------------------------
Sampling Eh Conductivity Temperature Flow rate Iron 
time pH (mY) ()1S cm-') (0C) (s dm-') Content 
(min:sec) Corrected (oom) 
5:30 - - 924 11.9 - -
6:45 SAO 106.3 - - - -
14:05 6.47 79.5 887 12.0 44 1.31 
21:24 6.51 68.2 869 12_1 - -
22:30 - - - - - 1.87 
32:01 6.89 66.3 845 11.9 - 1.80 
35:00 - - - - 42 -
40:00 7.00 64.8 834 12.0 - 1.88 
50:00 7.01 62.9 818 12.0 - -
57:00 7.06 65.2 804 11.5 - -
60:00 7.08 71.5 792 11.6 - -
67:00 7.08 71.5 792 11.6 - -
75:30 7.07 65.3 782 11.9 - -
84:00 7.09 66.7 773 11.9 - -
99:00 7.08 60.1 757 12.2 - -
110:00 7.03 59.4 734 12.2 - -
Table (3.6): Samphng measurements of sample P3/3pl/KS38, March 2000. 
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Sampling Eh Conductivity Temperature Flow rate Iron DOC 
time pH (mV) (IlS cm· l ) ("C) (s dm·') Content (mgdm·') 
~min:sec) Corrected (oom) 
10:00 6.95 82.9 105 14.4 - - 0.2 
11:20 - - - - 22 - -
13:50 - - - - 28 - -
15:00 7.00 75.9 169.6 14.0 
-
53.3 0.3 
20:00 7.03 74.9 194.7 14.1 - - 0.3 
23:00 - - - - - 51.4 -
25:00 7.01 76.7 186.4 14.0 - - 0.2 
30:00 7.03 78.6 172.9 14.2 
- -
0.1 
35:00 7.00 79.3 166.6 14.1 - - 0.0 
39:00 - - - - - 55.0 -
42:00 7.02 80.3 160.1 14.1 - - -0.1 
47:00 7.00 80.6 156.4 14.2 - - -0.1 
52:00 7.01 80.6 150.0 14.2 - - -0.2 
57:00 7.00 81.1 153.1 14.2 - - -0.2 
62:00 7.01 80.3 151.2 14.5 
- -
-0.2 
67:00 6.99 80.4 150.0 14.5 - - -0.4 
68:00 - - - - - 55.0 -
72:00 6.97 82.2 283.0 15.5 - - -0.1 
77:00 6.95 81.0 286.0 16.5 - - 0.0 
82:00 6.95 78.8 289.0 17.3 - - 0.0 
87:00 6.93 74.0 288.0 17.5 - - 0.0 
93:00 6.94 74.2 286.0 17.1 - - 0.0 
100:00 6.96 74.4 325.0 16.5 - - -0.5 
101:00 - - - - - 32.1 -
105:00 6.99 74.8 299.0 15.2 - - -0.7 
108:30 - - - - - 55.0 -
109:00 6.98 77.2 300.0 15.0 - - -0.7 
114:00 6.94 75.3 315.0 16.1 - - -0.3 
119:00 6.88 75.1 317.0 16.9 - - -0.2 
124:00 6.88 73.8 317.0 17.3 - - -0.2 
129:00 6.84 71.9 317.0 17.8 - - -0.2 
134:00 6.86 71.3 313.0 17.9 - - -0.2 
136:15 - - - - - 49.4 -
137:00 6.83 73.9 313.0 17.9 - - -0.2 
138:00 6.94 71.6 269.0 17.7 - - -0.2 
139:00 6.93 70.4 259.0 17.8 
- -
-0.2 
140:00 6.95 70.5 259.0 17.3 - - -0.2 
Table (3.7): Samplmg measurements of sample P3/3pIlLAS2, August 2000. 
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Sampling Eh Conductivity Temperature Flow rate Iron DOC 
time pH (mV) (~S cm·') ('C) (s dm·') Content (mg dm·') 
(min:sec) Corrected (ppm) 
03:15 - - - - 80 - -
10:10 - - - - 44 - -
19:20 - - - - - 3.47 -
23:00 7.02 89.3 263 14.5 - - 1.2 
28:00 6.91 90.9 255 14.6 - - 1.3 
30:30 - - - - - 4.02 -
33:00 6.95 91.1 245 14.7 - - 1.3 
38:00 6.98 90.9 278 14.7 - - 1.3 
39:30 - - - - - 4.01 -
43:00 7.03 91.2 282 14.5 - - 1.4 
48:00 6.97 91.5 270 14.5 - - 1.4 
53:00 6.96 91.0 268 14.4 - - 1.4 
54:30 - - - - - 3.61 -
58:00 6.94 91.4 259 14.4 - - 1.4 
63:00 7.00 89.7 258 14.5 - - 1.4 
68:00 6.97 89.9 256 14.5 - - 1.4 
69:00 - - - - - 3.75 -
73:00 7.02 88.4 248 14.6 - - 1.4 
79:00 6.94 87.4 358 15.1 - - 1.4 
84:00 6.87 86.0 361 15.7 - - 1.3 
89:00 7.00 83.6 365 16.2 - - 1.3 
94:00 7.00 82.5 359 16.2 - - 1.2 
99:00 6.94 84.3 362 16.1 - - 1.2 
105:00 6.94 72.0 358 15.9 - - 1.2 
108:00 6.95 81.3 387 15.9 - - 1.3 
110:00 - - - - - 3.82 -
112:00 7.02 79.6 403 15.9 - - 1.2 
117:00 7.01 80.5 394 15.4 - - 1.2 
122:00 7.03 79.6 403 15.8 - - 1.1 
127:00 7.01 79.1 407 16.0 - - 1.0 
127:30 - - - - - 5.01 -
132:00 7.03 79.3 410 16.1 - - 0.9 
137:00 7.00 79.5 414 16.3 - - 0.9 
142:00 7.02 78.9 414 16.4 - - 0.9 
147:00 6.99 76.8 419 17.0 - - 0.9 
152:00 7.00 74.8 422 17.4 - - 0.9 
157:00 6.99 74.1 421 17.7 - - 0.9 
162:00 7.00 72.9 424 17.9 - - 0.9 
Table (3.8): Sampling measurements of sample P4/SpIlLASl, August 2000. 
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Sampling Eh Conductivity Temperature Flow rate Iron DOC 
time pH (mV) (!IS cm-') ("C) (s dm-') Content (mg dm-') 
(min:sec) Corrected (oDm) 
8:00 30 
8:25 26 
9:00 24 
10:00 20 
16:30 23 
17:20 22 
19:00 6.82 123.9 584 11.6 2.2 
22:00 5.50 
24:00 6.81 119.2 562 11.6 2.0 
29:00 6_86 112.7 548 11.8 1.9 
32:00 5.50 
34:00 6.85 110.4 538 11.8 1.9 
39:00 6.89 109.2 (11.8) 1.8 
42:00 3.62 
44:00 6.87 108.4 515 11.9 1.8 
49:00 107.5 504 12.0 1.7 
52:00 3.27 
54:00 6.89 107.6 496 12.0 1.7 
59:00 6.90 105.1 486 12.2 1.6 
62:00 3.56 
64:00 6.91 105.7 476 11.6 1.6 
69:00 6.93 104.6 470 11.8 1.6 
72:00 3.44 
74:00 6.92 104.6 461 11.6 1.6 
79:00 103.3 454 11.9 1.6 
82:00 3.58 
84:00 6.93 101.6 449 12.1 1.5 
89:00 6.95 100.7 442 12.2 1.5 
92:00 3.45 
94:00 6.94 100.3 438 12.2 1.4 
99:00 6.95 99.2 432 12.4 1.4 
102:00 3.52 
104:00 6.94 99.3 425 12.2 1.4 
109:00 6.96 99.0 420 12.2 1.3 
112:00 3.54 
114:00 6.94 98.1 415 12.3 1.3 
119:00 6.96 97.2 412 12.5 1.2 
122:00 3.66 
124:00 6.95 96.3 406 12.6 1.2 
129:00 6.96 96.0 402 12.6 1.1 
132:00 3.61 
134:00 6.96 96.7 397 12.5 1.1 
139:00 6.98 98.2 392 120 48 1.2 
142:00 3.32 
144:00 6.96 100.7 386 11.5 1.2 
149:00 6.99 102.6 384 10.9 1.3 
154:00 6.97 99.1 376 11.0 1.3 
159:00 6.98 99.5 380 12.0 1.2 
164:00 6.97 98.8 376 11.7 1.2 
169:00 7.01 99.7 371 11.2 109 1.2 
174:00 6.98 100.0 369 11.2 1.2 
179:00 7.02 100.3 365 11.0 1.2 
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184:00 6.99 101.1 231 10.7 
194:00 7.02 91.2 226 10.7 
198:00 6.99 100.9 225 10.8 
200:00 3.30 
225:00 7.01 110.9 221 10.8 
230:00 6.98 99.2 223 11.1 
235:00 7.02 98.2 223 11.4 
240:00 6.98 96.9 225 11.7 
245:00 7.02 96.2 223 11.7 
250:00 6.98 96.4 221 11.7 
255:00 7.03 97.0 217 11.3 
265:00 6.98 90.0 224 12.5 
270:00 7.01 89.6 218 12.3 
273:00 3.25 
275:00 6.99 216 11.9 
286:00 6.70 96.3 208 11.0 
290:00 6.94 93.3 209 11.1 
295:00 6.96 96.4 205 11.1 
300:00 7.00 96.9 205 10.9 
305:00 6.96 96.8 204 10.9 
312:00 7.02 97.8 203 10.7 
313:00 3.04 
Table (3.9): Sampling measurements of sample P4/4pIlL74, November 2001. 
(estimated value) 
62 
I 
i 
1.2 
1.2 
1.2 
1.2 
1.1 
1.1 
1.1 
1.0 
1.0 
1.0 
0.9 
0.9 
0.9 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
Sampling Eh Conductivity Temperature Flow rate Iron DOC 
time pH (mV) (!is cm-I) ('C) (s dm-l ) Content (mg dm-' ) 
(min:sec) Corrected (nom) 
13:45 88 
14:45 44 
15:20 44 
17:00 7_03 222_9 1040 8.7 4.1 
22:00 7.07 187.3 1046 8.1 4.0 
27:00 7.09 176.5 1031 8.0 3.9 
32:00 7.09 152.4 1019 8.3 3.8 
37:00 7.09 157.3 1008 8.5 3.6 
42:00 7.09 157.1 990 8.7 3.6 
47:00 7.10 154.3 977 8.7 3.7 
50:00 12.3 
52:00 7.10 151.8 965 8.9 3.5 
57:00 7.11 149.2 953 9.2 3.4 
60:00 20.5 
62:00 7.10 147.1 940 9.4 3.3 
68:00 7.10 142.6 929 9.5 3.2 
70:00 22.1 
72:00 7.10 144.7 919 9.7 3.1 
77:00 7.10 139.9 912 10.0 2.9 
80:00 28.8 
82:00 7.10 138.3 903 10.1 2.9 
87:00 7.10 137.8 888 10.0 2.8 
90:00 28.2 
92:00 7.11 136.5 877 9.8 2.8 
97:00 7.11 135.0 870 9.9 2.6 
100:00 31.2 
102:00 7.11 134.0 856 9.8 2.6 
107:00 7.11 134.4 845 9.5 2.6 
110:00 25.1 
112:00 7.11 134.5 834 9.2 2.6 
117:00 7.13 133.8 821 9.0 2.5 
120:00 29.6 
122:00 7.12 134.1 815 8.9 2.5 
127:00 7.13 134.6 810 8.9 2.4 
132:00 7.13 134.7 802 8.7 2.4 
136:00 100 
137:00 7.13 134.5 794 8.6 2.3 
140:00 23.0 
142:00 7.13 136.1 786 8.4 100 2.2 
147:00 7.13 137.8 777 8.1 100 2.4 
150:00 
154:00 7.14 127.8 761 7.6 100 2.7 
158:00 • 103.9 757 7.5 100 2.6 
162:00 • 85.1 753 7.4 100 2.6 
166:00 * 78.9 749 7.4 100 2.6 
170:00 * 74.7 748 7.4 100 2.5 
174:00 * 72.1 744 7.5 100 2.5 
178:00 * 70.2 742 7.5 100 2.5 
182:00 * 68.4 737 7.5 100 2.5 
186:00 * 66.8 736 7.5 100 2.5 
190:00 • 65.9 732 7.4 100 2.5 
194:00 • 64.7 730 7.4 100 2.4 
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198:00 * 63.5 726 7.4 100 2.4 
206:00 * 61.5 721 7.4 100 2.4 
210:00 * 60.9 717 7.4 100 2.4 
214:00 * 59.8 712 7.4 100 2.3 
218:00 * 59.3 710 7.4 100 2.3 
222:00 * 58.9 716 7.3 100 2.2 
226:00 * 58.4 707 7.3 100 2.2 
250:00 * 57.7 704 7.3 100 2.2 
255:00 * 57.3 702 7.3 100 2.2 
259:00 * 21.1 700 7.1 100 2.2 
319:00 * 56.4 717 9.7 100 1.9 
Table (3.10): Samplmg measurements of sample P6/1 p IlL 78, January 2002. 
* The pH and Eh probes shared one meter and were connected alternatively to 
obtain readings. The connection to the Eh probe became loose and therefore it 
was decided to leave the probe connected and monitor only the Eh as the pH 
readings had been stable over a long period of time. 
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Figure (3J): Variation in pH, Eh, conductivity, temperature and iron content 
during sampling ofP3/3p11K516 (November 1999), 
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Figure (3.1): (Continued) Variation in pH, Eh, conductivity, temperature and iron 
content during sampling ofP3/3pllK516 (November 1999). 
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Figure (3.2): Variation in pH, Eh, conductivity, temperature and iron content 
during sampling ofP3/3pllK538 (March 2000), 
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Figure (3.2): (Continued) Variation in pH, Eh, conductivity, temperature and iron 
content during sampling ofp3/3p1lK538 (March 2000). 
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Figure (3.3): Variation in pH, Eh, conductivity, temperature, iron content and 
DOe during sampling ofP3/3pllLA52 (August 2000). 
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Figure (33): (Continued) Variation in pH, Eh, conductivity, temperature, iron 
content and DOC during sampling ofP3/3pllLA52 (August 2000). 
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Figure (3.4): Variation in pH, Eh, conductivity, temperature, iron content and 
DOe during sampling ofP4/SpllLAS2 (August 2000). 
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Figure (3.4): (Continued) Variation in pH, Eh, conductivity, temperature, iron 
content and DOC during sampling ofP4/5pllLA52 (August 2000). 
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Figure (3.5): Variation in pH, Eh, conductivity, temperature, iron content and 
DOe during sampling ofP4/4pllL74 (November 2001). 
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Figure (3.5): (Continued) Variation in pH, Eh, conductivity, temperature, iron 
content and DOC during sampling ofP4/4pl/L74 (November 2001). 
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Figure (3.6): Variation in pH, Eh, conductivity, temperature, iron content and 
Doe during sampling ofP6/1pllL78 (January 2002). 
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Figure (3.6): (Continued) Variation in pH, Eh, conductivity, temperature, iron 
content and DOC during sampling ofP6/1pllL78 (January 2002). 
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A summary of the field measurements for the six groundwaters anaerobically 
sampled is shown in table (3.11) below. The field measurements are those 
recorded at the start of sampling into the first canister i.e. at steady state 
conditions. 
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Sample Date sampled Flow rate pH Eh Conductivity Temperature Fe content 
(s dm'3) (mV) (I1S cm"l) (0C) (ppm) 
P3/3pl1K516 November 1999 52 6.73 7.0 952 12.0 8.0 
P3/3pl1K538 March 2000 42 7.01 62.9 818 12.0 1.88 
P3/3p lILA52 August 2000 28 6.99 80.4 150 14.5 55 
P4/5p1lLA51 August 2000 44 7.02 88.4 248 14.6 3.75 
P4/4plIL74 November 2001 48 6.98 99.5 380 12.0 3.32 
P6/1plIL78 January 2002 44 7.13 137.8 777 8,1 23.0 
Table (3.11): FIeld measurements of the groundwater samples at the start of the collectIOn of the groundwater samples. 
DOC 
(mg dm']) 
. 
. 
·0.4 
lA 
1.2 
2.4 
---- ----------------------------------
3.1.5 Laboratory measurements 
All the parameters were measured again at Loughborough to check whether the 
samples had remained anaerobic throughout transport and handling procedures. 
Table (3.12) shows the measurements of sample P3/3pl/K538 taken at various 
points during the handling of the sample. The final measurement (canister 2, 
12/6/00) was taken when the remaining solution had been allowed to go fully 
aerobic. The measurements showed good agreement with the field results. The 
iron content was two times higher than the field measurements. The variation in 
the Eh values may be due to the time taken to obtain a stable reading on the 
probe after dispensing an aliquot of the groundwater or due to the amount of 
agitation of the probe during measurement. The final measurement taken from 
the fully aerobic solution clearly showed the difference in the anaerobic and 
aerobic solution. There was a rise in pH and a significant increase in Eh 
indicating a change from reducing to oxidising conditions. The conductivity 
measurements show only a slight decrease in value. The iron content reading 
showed that the iron has now dropped out of solution and observation of the 
solution showed that there is an orange precipitate formed. 
(Canister) pH Corrected Conductivity Temperature Iron content 
Date Eh (mV) (~S cm· l ) (DC) (ppm) 
J 1}l 3/3/00 7.152 81.7 - 20.0 3.85 
(2) 30/3/00 7.130 76.0 900 21.0 3.31 
(2) 16/5/00 7.435 12.0 985 26.0 3.83 
(2) 12/6/00 8.351 400.5 816 26.0 0.01 
Table (3.12): Loughborough laboratory measurements of P3/3p IIK53 8. 
Table (3.13) shows the measurements of sample P3/3pl/LA52. The dissolved 
oxygen content, Eh and pH measurements of canister 1 are comparable to the 
field measurements. The conductivity measurements show a difference that can 
be attributed to the problem of flow rate duplication and the effect of elevated 
temperature. The iron content measurement is again higher than that measured 
when in the field. Canister '2' has clearly gone aerobic due to the high Eh 
measurement also the presence of an orangelbrown precipitate in the solution 
indicated oxidation of the iron colloids from Fe(JI) to Fe(II1). As the second 
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canister of the sample had gone fully aerobic during storage the sample could not 
be fully analysed. 
(Canister) pH Corrected Conductivity Temperature DOC Iron 
Date Eh (mV) (I'S cm") ('C) (mg dm") content 
(oom) 
(I) 22/9/00 6.65 75.9 610 22.0 1.6 51.4 
(2) 26/9/00 6.65 356.8 984 23.5 - -
Table (3.13): Loughborough laboratory measurements ofP3/3p lILA52. 
Table (3.14) shows the measurements of sample P4/5pllLA51. Dissolved 
oxygen content, Eh and pH show little variation during analysis of the sample. 
Conductivity varied considerably during analysis of the water in the canister and 
also during each measurement. The iron content also showed variation from day 
to day and considerable elevation in comparison to the field measurements. 
(Canister) pH Corrected Conductivity Temperature DOC Iron 
Date Eh (mY) (I'S cm") (0C) (mg dm") content 
(oom) 
(1) 30/8/00 6.82 55.1 1220 23.4 1.5 24.8 
(I) 30/S/00 6.S3 65.2 953 23.5 1.6 -
(I) 311S/00 - - - - - 17.6 
(I) 311S/00 - - - - - IS.4 
(I) 6/9/00 7.00 42.7 95 (unstable) 21.5 - -
(2) 6/9/00 6.77 65.7 140 22.0 0.9 50.6 
(2) 6/9/00 - - - - - 42.8 
Table (3.14): Loughborough laboratory measurements ofP4/5pllLA51. 
Table (3.15) shows the measurements of sample P4/4pllL74. These results show 
very good correlation to the field results. 
(Canister) pH Corrected Conductivity Temperature DOC Iron 
Date Eh (mY) (flS cm") ('C) (mgdm") content 
(oom) 
(I) 11112/01 - 78.4 554 20.5 1.6 2.89 
(I) 11/12/01 7.169 52.6 518 20.5 1.0 2.23 
(2) 2/1102 6.918 88.6 586 19.7 1.9 3.50 
(2) 2/1102 7.018 86.5 578 19.5 2.7 3.12 
Table (3.15): Loughborough laboratory measurements of P4/4p 1 IL 7 4. 
Table (3.16) shows the measurements of sample P6/lpllL78. The results show 
good correlation to the field results. The conductivity was slightly higher than 
expected but, as mentioned previously, could be due to the difficulties of 
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reproducing flow rate conditions, also the temperature was higher than in the 
field. The DOC was slightly lower than expected. 
(Canister) pH Corrected Conductivity Temperature DOC 
Date Eh (mV) (J.lS cm") (0C) (mg dm·') 
(I) 14/1102 6.97 88.7 1282 20.8 1.2 
JI) 1511102 6.92 107.1 1225 20.8 1.0 
(I) 1511102 6.95 97.0 1085 20.7 0.9 
JI) 1511102 - - - - -
(I) 1511102 - - - - -
(2) 7/2/02 7.01 122.2 1543 (20.0) -
(2)7/2/02 7.16 94.4 1325 (20.0) -
Table (3.16): Loughborough laboratory measurements ofP6/1pl/L78. 
(Estimated result) 
3.1.6 Filtration. 
Iron 
content 
(ppm) 
30.7 
25.2 
19.2 
22.1 
20.5 
28.6 
24.3 
As the groundwater samples were noted to be unstable with time it was decided 
to filter as much of the groundwater as possible at the Drigg laboratories 
themselves as soon as possible after the sample was taken. The samples taken in 
November 2001 (P4/4pIlL74) and January 2002 (P6/1pIlL78) were filtered at 
the Drigg laboratories. Sample P5/4pl/L77 was taken aerobically and therefore 
was not filtered. The membranes used for SEM/TEM analysis were prepared 
within 5 days of sampling. 
3.2 CONFIRMING THE PRESENCE OF COLLOIDS. 
3.2.1 Particle size. 
The groundwater sample aliquots were allowed to stand for approximately 5 
minutes before the measurement was taken to allow large particulates to settle 
out and to allow air bubbles to disappear. The results are shown in Table (3.17) 
below. 
The results arise from replicate measurements on more than one aliquot of 
sample when possible. The average size of particles within each groundwater is < 
Illm and, by definition, colloidal. Particle size distributions for all samples 
81 
showed the same basic shape showing the majority of particles are small < 2 flm 
but reaching up to 6-7 ~lm. Approximately SO % of the particles were below I 
flm diameter and approximately 90 % were below 2 pm. A particle size 
distribution for sample P4/Sp I /LASI is shown in figure (3.7). 
Sam le A vera e article size (nm) 
P3/3p l/K516 788.8 ± 164.2 
P3 /3p I IKS38 909.8 ± 246.7 
P3 /3p l /LAS2 981.0 ± 198.8 
P4/Sp I ILASI 804.1 ± 2S8. 8 
P4/4pl /L74 853.2 ± 220.0 
P61l I /L78 
Table (3.17): Average particle size of un filtered anaerobic samples. 
SIZe distribution(s) 
5 
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Figure (3 .7): Particle size distribution of sample P4/5p I/LA51. 
3.2.2 SEM analysis offi lters. 
The I pm and 30,000 0 membranes were analysed by SEM and thi s highlighted 
some problems with the filtration process. The pore distribution on the 1.0 pm 
membrane was irregular and therefore some of the pores were larger than the 
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stated diameter allowing particles greater than J f!m to pass through the 
membrane (Figure (3.8)). This was not a significant problem as for the 
population count those particles > I f!m could be di sregarded. The pores were 
inclined to become clogged when filtering larger volumes of groundwater hence 
reducing the pore size avai lable (Figure (3.9)). Only small volumes were filtered 
for the population analysis and therefore these phenomena would only affect the 
radioactivity analysis where up to 3 litres would be filtered through one 
membrane. This clogging effect was investigated by filtering varying volumes of 
ground water through a 12pm membrane and the resulting filtrates taken for 
gamma, gross alpha and gross non-tritium beta analysis. The radioactivity 
measured was found to be unaffected by the amount of groundwater filtered 
through the membrane. The clogging effect wi ll be greater for the membranes 
with the smaller pore sizes especially the 500 0 membrane, however the volumes 
passed through the 500 D membrane was restricted to less than 500 cm3 
The co lloids on the membranes were seen to be present as single particles and as 
aggregates . Aggregates may exist within the waters themselves or may be 
produced due to either concentration effects arising from the filtering process or 
due to attractive fo rces causing clumping of the particles on the membrane. 
Concentration effects should be negligible when filtering small vo lumes for 
population analysis. Clumping of particles on the membrane should also be 
negligible when filtering small volumes as the particle concentration on the 
membrane is low. These phenomena wi ll operate when larger volumes are 
filtered. 
Areas of the membranes to be analysed were chosen at random, pictures were 
taken and the number of colloids was determined. This leads to large errors (> 
50%) as the distribution of colloids on the membrane is not unifonn with some 
areas having more colloids than others. Figure (3. 10) shows a typical picture that 
would be used for the calculation of colloidal population. Figure (3. 11 ) indicates 
how fragi le the 30,000 D membranes are as it shows the damage caused by 
simple focussing of the electron microscope. Table (3.18) below shows the 
particle and co lloid populations observed on the membranes. The errors are l a 
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standard deviation. The co lloidal populati on of the Drigg ground water samples 
lies between 8 x 109 and 6 x lo ll parti cles per dm3 
Sample No. pictures taken Population (Co lloids dm 0) 
P3/3p IIK538 9 1.07 + 0.33 x lO" 
P3/3pl /LA52 11 7.9 1 ± 4.74 x 109 
P4/5p IILA5 1 9 5.78 ± 5.38 x lO" 
P4/4p I/L74 32 5. 11 + 2.72 x 1010 
P6/1 p 1/178 25 1.01 + 0.95 x 1010 
Table (3.1 8) : CollOid population o f Dngg groundwater samples. 
It was observed that colloids « 1 fun ) remained on the 1 pm membrane which 
should have passed through the pores (figure (3. 12)). These co lloids were most 
li kely present in the film of groundwater left in contact with the membrane at the 
end of filtering. It was decided to rinse the membranes when fi ltering was 
complete with de-aerated, pre-filtered (30,000 D) di still ed water to wash these 
colloids through the pores . This would also remove any salts that wo uld fonn 
crystals that may erroneously be counted as colloids. Table (3. 19) below shows 
the co lloidal population for samples P4/4pl /L74 and P6/1p I/L78 estimated !Tom 
washed and unwashed membranes. Errors are I er standard deviation. The resul ts 
show that both unwashed membranes gave a higher populat ion although within 
the errors the estimated populations are the same. Figures (3. 13 - 3. 14) show the 
possible presence of bacteri a. Figure (3. 15) shows the presence of aggregates and 
single particl es on the membrane. 
Sample No. pictures taken Population (Colloids.dm-J ) 
P4/4p I IL74 washed 32 5. 11 + 2.72 x 1010 
P4/4p I IL74 unwashed 7 8.85 + 6.29 x 1010 
P6/1 pl /L78 washed 25 1. 01 + 0.95 x 10 10 
P6/1 P ilL 78 unwashed 6 3.10 + 1.38 x 1010 
Table (3. 19) : CollOId populatIOn esttmated from washed and unwashed 
membranes. 
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Figure (3.8) : SEM image showing irregular pore sizes of a I ).Im membrane. 
Figure (3 .9): SEM image showing clogging of pores of a 1 ).Im membrane. 
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Figure (3.10): SEM images taken of sample P4/5pl /LA5 1 for determination of 
colloidal population (30,000 0 membranes). Images were taken using a 
Cambridge Stereoscan 360 SEM (top) and a Leo 1530VP SEM (bottom). 
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Signal A = SE1 Date :30 Jul 2002 
Photo No. = 2238 Time :9:43:20 
Figure (3. 11 ): SEM image of 30,000 D membrane showing damage caused by 
the electron beam. 
Figure (3 .12): SEM image of a I flm membrane showing the presence of co lloids 
that should have passed through the pores. 
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Figure (3. I 3): SEM image of sample P4/Sp I/ LAS I (30,000 D membrane) 
showing the presence of bacteria. 
Figure (3.14): SEM image of sample P4/Spl /LAS I (30,000 D membrane) 
showing the presence of bacteria. 
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Figure (3.15): SEM Image of sample P4/4pl /L74 showing the presence of 
aggregates. 
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3.3 IDENTIFYING COLLO ID COMPOS ITION. 
3.3. I Zetapotential measurements. 
Zetapotential measurements were taken on aliquots of the groundwater samples 
given below (table (3.20). The results show that the average charge on particles 
for all four groundwater samples is negative and wi thin the same order of 
magnitude. The errors given are standard deviati ons of replicate measurements 
on more than one aliquot of sample where possible. The small errors indicate that 
the surface charge is uni fonn within the groundwater samples or is dominated by 
one type of particle. 
Sample Zetapotenti al (m V) 
P3/3pl /KS3 8 
- 13. 1 ± I. S 
P3/3 P IILAS2 
- IS.4 ± O.S 
P4/5p 1 ILAS 1 
- 10.2 ± 1.3 
P4/4p 11174 
- 12.0 ± 1.0 
Table (3.20): ZetapotentJaI measurements on anaerob ic, unfiltered ground water 
samples. 
The zetapotential di stribution for all samples show a Gaussian distribution with 
approx imately 60 % of the particles having zetapotential within ± 10 mV of the 
average and approx imately 80 % within ± 20 mV of the average. A zetapotential 
di stribution of sample P3/3p I/KS38 is shown in figure (3. 16). The graph shows 
the charge di stribution for the number of particles measured in the sample. 
Sample P4/Sp l/LASI was filtered anaerobicall y through 12 flm, 1.0 Mm, 30,000 
o and SOO D membranes and aliquots of each filtrate were taken for size and 
zetapotential analysis. The results are shown in table (3.2 1) below. 
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Size Zetapotential 
(run) (mV) 
Unfiltered 804.1 ± 258.8 - 10.2 ± 1.3 
1.0).lm filtrate 635.2 ± 248.3 - 7.0 ± 0.6 
30,0000 fi ltrate 338.5 ± 120.5 -5.3 ± 0.1 
5000 filtrate 117.4±66.1 + 1.6 ±OJ 
Table (3.21): Variation in particle size and zetapotential of sample P4/5p I/LA51. 
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Figure (3.16): Zetapotential measurement of sample P3/3p I/KS38. 
The results for sample P4/5pl / LA51 clearly show a decrease in the measured 
particle size and an increase in zetapotential with filtration. The positive value 
obtained for the 500 0 filtrate is not a real value as the instrumentation measures 
o ± 2 mV for distilled water. The instrumentation is not sensitive enough to 
measure particle size and zetapotential at these low particle concentrations as 
interferences from small amounts of dust contamination dominates. 
The 30,000 and 500 0 membranes have a pore size of 5-10 and < I run 
respectively. This is not confirmed by the particle size measurements on these 
filtrates. This may be due to rapid aggregation of the particles immediately after 
fi ltration. However the measurements are close to the instruments limit of 
detection for particle size (- 100 nm) and for particle concentration. Dust 
contamination will dominate in these conditions. 
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3.3.2 UV 
Aliquots of the anaerobic groundwater samples were analysed by UV absorpti on 
spectrometry. Colloidal solutions of boehmite, si li ca, hematite and humic acid 
and solutions of Fe (Il) and Fe( lll) were also analysed. The UV spectra are 
shown in fi gure (3. 17) and illustrate the intensity of the scattered light fo r a range 
of wavelengths of UV light. 
The UV spectra of the anaerobic groundwater samples showed no characteri st ic 
absorption peaks. Thei r shape was due to li ght scattering effects. This was also 
observed fo r the co lloidal silica and boehmi te sol utions. The puri fied humic acid 
solution showed a similar spectrum to the colloidal and groundwater samples but 
showed a slight absorption shoulder at 250 Hm. 
The hematite so lution showed broad peaks at - 260 and - 380 nm. The Fe(J ll ) 
so lution showed a peak at 290 nm . The Fe( l!) so lut ion showed a broad shoulder 
between 300 and 400 run . 
The groundwater samples did not show any characteri sti c peaks as exhi bited by 
the hematite and Fe(II/) so lutions. This indicates that the iron present in the 
ground water samples is not present as Fe(l ll). There was also no obvious 
indicati on of free humic acid in the groundwater samples. 
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Figure (3.17a): UV spectra of sample P3/3pllKS38. 
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Figure (3.17b): UV spectra of sample P4/SpI/LASI. 
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Figure (3.17c): DV spectra of iron colloids (hematite) . 
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Figure (3.l7d): DV spectra ofFe3+ (Fe2(S04h). 
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Figure (3.17e): UV spectra of Fe2+ (FeS04) 
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Figure (3.17f): UV spectra of humic acid. 
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Figure (3.l7g): DV spectra of silica colloids. 
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Figure (3.l7h): UV spectra ofboehmite colloids. 
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3.3.3 SEM-EDX. 
Particles of groundwater samples P4/SpIlLASI and P3/3pl/LAS2 isolated on 12 
~m, 1.0 ~m and 30,000 D membranes were analysed by qualitative SEM-EDX 
using the Cambridge Stereoscan 360 with Link System Energy Dispersive 
Analyser. Table (3.22) below details the extent of the analysis. 
Sample Membrane Number of Number of pieces Total number 
membranes of each membrane of Particles 
P4/SpIlLASI 12 ~m 3 I 30 
P4/SpIILA5I 1.0~m 3 1 31 
P4/SpIlLASI 30,000 D 3 I 60 
P3/3pllLAS2 12/.1m 2 I 20 
P3/3pl/LAS2 1.0/.lm 2 I 21 
P3/3pl/LAS2 30,000 D 2 I 14 
Table (3.22): Summary of membranes analysed for qualItative SEM-EDX 
analysis. 
The amount of each element was determined by the size of the peak, the largest 
peak being the major element, small peaks as trace elements and all other peaks 
as minor elements. Some SEM-EDX spectra are shown in figures (3.18 - 3.22). 
The most common elemental composition is shown in figure (3.18) with iron as 
the major element, silicon and calcium as minor elements and trace amounts of 
magnesium, chlorine and copper. Approximately 90 % of all particles had this 
elemental composition. The other SEM-EDX show different elemental 
compositions where sulphur and chlorine (Figure (3.19)), Aluminium (Figure 
(3.20)), Aluminium and Silicon (Figure (3.21)) and silicon (Figure (3.22)) are the 
major elements. The results of the analysis are presented as percentage of 
particles on the 12 ~m, 1.0 ~m and 30,000 D membranes with major, minor and 
trace amount of each element and are shown in tables (3.23 - 3.30). 
The results for groundwater sample P4/5p IILASI are shown in tables (3.23 -
3.26) for each of the 12 ~m, 1.0 f.lm and 30,000 D membranes respectively and 
summarised in table (3.26). The results show that iron is the major constituent in 
the majority of colloids analysed on all three membranes, 60 % of colloids on the 
30,000 D membrane, > 84 % of particles on the 1.0 ~m membrane and > 90 % of 
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particles on the 12 !lm membrane. Over 70 % of all particles contained iron. 
Silicon and calcium were also present in most colloids analysed, over 71 and 68 
% respectively. Copper and chlorine were also commonly observed elements in 
over 69 and 4S % respectively. Major elements observed were aluminium, 
silicon, calcium, iron, chromium and copper. Organic particles were detected on 
the 1.0 ).lm and 30,000 D membrane at 3 and 22 % respectively, however it is 
possible for the signal from a small colloid to be too weak to detect any elements 
that may be present so this value may be an overestimate. Other elements 
observed were magnesium, potassium, manganese, nickel and zinc. The most 
common combination of elements were iron, silicon, calcium and chlorine. There 
is little difference between particles on the different membranes indicating a 
fairly homogeneous system. 
The results for groundwater sample P3/3pllLAS2 are shown in tables (3.27 -
3.30) for each of the 12 !lm, 1.0 !lm and 30,000 D membranes respectively and 
summarised in table (3.30). The results show that iron is the major constituents in 
the majority of colloids (-SO %) analysed for all three membranes. Silicon was 
also a major element in many colloids (over IS %) on all membranes. Over 64% 
of all colloids contained iron and over 90 % contained silicon. Other major 
elements were magnesium, aluminium, sulphur, chlorine and calcium. Calcium 
and chlorine were present in over 49 % of all particles. Copper and aluminium 
were present in over 29 % of all particles. Other elements present were sodium, 
potassium, titanium, chromium and lead. Organic particles were also present at 
10 % on the 12 !lm membrane. As for sample P4/Spl/LASl, the most common 
combination of elements was iron, silicon, calcium and chlorine. Another 
common combination seen in sample P3/3pl/LAS2 was sulphur and chlorine in 
over 10 % of all particles. There is no significant difference between particles on 
the different membranes indicating a fairly homogeneous system. These 
differences can be attributed to the relatively small number of particles analysed. 
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Figure (3.19): SEM-EDX spectra. 
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Figure (3.22): SEM-EDX spectra. 
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Elements Colloid number . 
present I 2 3 4 5 6 7 8 9 10 11 12 \3 14 15 16 17 18 19 20 21 
Mg ? ? ? x ? 
Al x X x x x 
Si x x x x M x x x x x x x x M x x X x x -x x 
Cl x x x x ? x ? x ? x x x x x x x x 
K x x 
Ca x x x x X x x x x x x x x x x x x x x x x 
Mn 
Fe M M M M M M M M M M M M M x M M x M M M M 
Ni ? 
Cr 
Zn 
Cu x ? x ? ? x x x ? x x x x x x x M x ? ? ? 
Org 
- . Table (3.23): QualttatlVe elemental compOSitIOn of collOIds on the 12 ~m membrane of sample P4/5p I ILA5I. 
(M = major element present, x = minor element present, ? = trace element present). 
22 23 24 25 26 27 28 29 30 
? 
x x x x x x M x x 
x ? x x x 
x M x x x x x x 
x 
M x M M M M M M M 
x x ? ? x x x x 
-8 
Elements Colloid number 
Present I 2 3 4 5 6 7 8 9 10 11 12 13 14 IS 16 17 18 19 20 21 22 
Mg ? ? 
Al M M 
Si x x x x x x x x x x x x x x x x x x x x x 
Cl x x x x x ? x x x 
K 
Ca x x x x x x x x x x ? x x x x ? x x 
Mn 
Fe M M M M M M M M M M M M M M M M M M M M 
Ni 
Cr 
Zn 
eu x x x x x x x x x x ? x x x X ? x x 
Org 
. . Table (3.24): Qualltative elemental compOSItiOn of collOids on tbe 1.0 ",m membrane of sample P4/5p l1LA51 . 
(M = major element present, x = minor element present, ? = trace element present). 
23 24 25 26 27 28 29 30 31 
x 
? x X 
x x M X x x x x 
x x x x ? 
x x 
x x X x x x x 
x M x M M M M M 
M 
x x ? ? x x ? x 
M 
Elements Colloid number 
present I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
Mg ? ? x 
AI 
Si x M x M x x x M M M x M x M x x M x 
Cl x x x x x x x x x x x x ? ? x x 
K 
Ca x x x x x x x x x x X x ? x x x 
Mn 
Fe M M M M M M x M M M M M M M M 
Ni 
Cr 
Zn 
Cu x x x x x x x ? x x x x x x x x x ? 
Org M M M M 
Table (3.25): Qualitative elemental composition of colloids on the 30,000 D membrane of sample P4/5p11LA51. 
(M = major element present, x = minor element present, ? = trace element present). 
23 24 25 26 27 28 29 30 
M x x x x 
? 
x x ? 
M M M M 
? ? x 
M M M 
Elements Colloid number 
present 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 
Mg 
Al ? ? x 
Si x x x M M x ? x x x x x x x M x M 
Cl ? x ? ? x ? ? x ? ? x ? 
K 
Ca x M x x x x x x x x x x x x x x x x 
Mn 
Fe M M x x M M M M M M M M M M M M M M x 
Ni 
Cr 
Zn x x x x x x x x x x x ? ? x 
Cu ? x x ? ? x x x x x x x x x x ? x 
Org M M M M M 
.. Table (3.25) : (Contmued) Quahtatlve elemental compositIOn of collOids on the 30,000 D membrane of sample P4/5p1 ILA5 1. 
(M = major element present, x = minor element present, ? = trace element present). 
56 57 58 59 60 
x M x x 
? ? 
x x x x 
M x M M 
? ? x 
? ? x 
M 
-o 
0-
No. particles 
containing 
element (%) 
Major 
Minor 
Trace 
Element 
Membrane Mg Al Si Cl K Ca Mn Fe Ni Cr Zn Cu Org* 
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Table (3.26): Qualitative SEM-EDA analysis of particles from sample P4/5p I ILA5I on the 12 I'm, 1.0 Ilm and 30,000 D membranes. 
• Organic particle. 
-
- ------------------------------------------------------------------------------------------------------------------------------.. 
-o 
-l 
Elements Colloid number 
Present I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Na x 
Mg ? x M M x x 
Al ? ? x x M x x 
Si x x x x x x x M x x M x x x x M x x 
S M x 
Cl x x x x x ? x ? x x ? x ? x x x x 
K x x x 
Ca x x x x M ? x x x x M x x x 
Ti x 
Mn 
Fe M M M M M M x M M x x x M M 
Ni 
Zn 
" Cu ? ? ? x ? ? ? 
Cr x 
Org M M 
.. Table (3.27): QualitatIVe elemental composltlon of colloIds on lbe 12 I'm membrane of sample P3/3p IILA52. 
(M = major element present, x = minor element present, ? = trace element present). 
-o 
00 
-------------~----------------------------------------------------------------------------------------
Elements Colloid number 
present I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
Na x x x ? x 
Mg x x 
AI M x I? ? 
Si x x x ? x x x M M M x x x x X x x x M M 
S M M M ? ? ? ? 
Cl M M x M M M x x x x x x X x ? M I? x 
K x x x x x 
Ca ? x x x x ? x x x x M x x x ? x x x 
Mn 
Fe x x M x x x M x x M M M M M M M x x 
Ni 
Zn 
Cu ? x ? ? ? ? ? X ? 
er ? 
-
x ? ? ? 
Ph x x x 
-
OrK 
-
.. Table (3.28): Quahtatlve elemental composItIOn of collOIds on the 1.0 flm membrane of sample P3/3pIILAS2. 
(M = major element present, x = minor element present, ? = trace element present). 
-g 
---- ---------------------~~-~~~~~~~~~~----------------------------------
Elements Colloid number 
present 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Na ? 
Mg 
AI ? M ? ? 
Si x x x x x M x x x M M x x X 
S 
Cl x M x x x x 
K x 
Ca ? ? M M x ? X 
Mn 
Fe M M M M x ? M M M M 
Ni 
Zn X 
Cu ? ? 
Cr 
Pb 
Org 
.. Table (3.29): Qualltatlve elemental composition ofcollOlds on the 30,000 D membrane of sample P3/3plfLA52. 
(M = major element present, x = minor element present, ? = trace element present). 
~~~----------~~~~~~~~~~--------------------------
~ 
.... 
o 
No. particles 
containing element 
(%) 
Major 
Minor 
Trace 
Element 
Membrane Na Mg Al Si S Cl K Ca Ti Fe Ni Zn Cr Cn Pb Org* 
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Table (3.30): Qualitative SEM-EDA analysis of particles from sample P3/3p11LA52 on the 12 flffi, 1.0 ~m and 30,000 D membranes . 
• Organic particle 
Quantitative EDX analysis was performed on the 30,000 D membranes from the 
filtration of groundwater samples P3/3pIlK538, P3/3pIlLA52, P4/5pIlLA51, 
P4/4p1lL74 and P6/lpIlL78. The details of the analyses are shown in table 
(3.31) below. 
Sample Membrane Number of Number of pieces Total number 
membranes of each membrane of articles 
P3/3 IIK538 30,000 D 2 I 27 
P3/3 I/LA52 30,000 D 3 I 15 
P4/5 I/LA51 30,000 D 3 I 29 
30,000D 3 2-4 74 
P611 IIL78 30,000 D 4 1-3 71 
Table (3.31): Summary of membranes analysed for quantitative SEM-EDX 
analysis. 
The quantitative SEM-EDX results are presented below in tables (3.32 - 3.41) as 
the % elemental composition (by weight) for each colloid. The results are also 
shown in figures (3.23 - 3.29). It was noted that colloids were present both as 
single (discrete) particles and as aggregates therefore when a colloid was 
analysed it was noted whether the colloid was a single particle or an aggregate. 
These results are presented for groundwater samples P4/4pl/L74 and 
P6/lpl/L78. As mentioned previously (Section 3.2.2) membranes from samples 
P4/4pl/L74 and P6/lp11L78 were rinsed with pre-filtered (30,000 D), de-aerated 
distilled water to remove any salts that may crystallise out and be erroneously 
counted as colloids. Both washed and unwashed membranes were prepared for 
both groundwater samples and were analysed by SEM-EDX. The average % (by 
weight) elemental composition for each groundwater sample is given in tables 
(3.42 - 3.49). 
The results for groundwater sample P3/3p11K538 are shown in tables (3.32) and 
(3.42) and figure (3.23). The colloids in this sample all contained silicon, iron 
and calcium at 18.7 ± 6.2, 46.0 ± 9.4 and 4.7 ± 2.0 % (by weight) respectively. 
The Si:Fe ratio ranged from 0.2 to 1.2, although most were less than 0.6. Only 
one colloid (No. 11) had an Si:Fe ratio> I. Chlorine was also seen in most of the 
colloids (78%). Sulphur was present in one of the colloids (No. 9) but not in the 
III 
presence of chlorine. Sodium was present at relatively high concentrations (32.9 
± 6.2 % by weight) in over half of the colloids analysed. Zinc was present in a 
third of all colloids analysed with an average concentration of 19.1 ± 2.4 % (by 
weight). Other elements present were magnesium and aluminium. All errors are 
fairly low indicating that the system is reasonably homogeneous. The graphs 
confirm the consistency in the amount of silicon, iron, calcium, sodium, zinc and 
chlorine present in the colloids. 
The results for groundwater sample P4/5pllLA5l are shown in tables (3.33) and 
(3.43) and figure (3.24). Most of the colloids analysed (>79 %) contained silicon, 
iron and calcium at 24.1 ± 8.6, 39.5 ± 14.7 and 15.3 ± 24.0 % (by weight) 
respectively. Chlorine was also a commonly observed element present in 69 % of 
all colloids analysed at a concentration of 5.5 ± 2.9 % (by weight). The Si:Fe 
ratio ranged from 0.3 - 3.7, although most were < 0.7. The colloids with high 
Si:Fe ratios (> 0.9) also contained significant amounts of Calcium (No. 21 and 
24) and Aluminium (No. 15 and 29). A few colloids did not contain any iron 
(No. 22, 23, 25 and 27) these were mainly silicon and calcium based. One colloid 
(No. 25) was composed of 100% calcium. One colloid attained no signal (No. 
26) and was either composed of organic matter or was too small to analyse by 
this method. Sulphur was observed both with (No.3) and without (No. 22 and 23) 
the presence of chlorine. Sodium and magnesium were observed in - 50 % of all 
the colloids analysed at 19.5 ± 2.8 and 17.2 ± 5.9 % (by weight) respectively. 
Aluminium and potassium were also detected. The graphs show the two different 
types of colloid are present, colloids No. I to 21 are characterised by consistent 
amounts of silicon, iron, calcium, sodium, magnesium and chlorine. The second 
type of colloid (No. 21 to 29) contains no iron or silicon and is mainly based on 
calcium. These results are comparable with the qualitative results for this 
groundwater sample. Both indicate that iron is the main constituent with calcium, 
silicon and chlorine also present in the majority of the colloids observed. The 
only difference is that the qualitative results show that the majority of the 
colloids contained copper which was not observed in the quantitative results. 
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The results for groundwater sample P3/3p1lLA52 are shown in tables (3.34) and 
(3.44) and figure (3.25). The number of colloids analysed was limited for this 
sample due to its rapid oxidation thus the amount filtered was limited. All 
colloids contained silicon and iron at 17.7 ± 6.2 and 70.8 ± 9.4 % (by weight) 
respectively. Chlorine was also a commonly observed element contained by 87 
% of all colloids analysed at 10.8 ± 4.0 % (by weight). Calcium was not a 
commonly observed element contained by only 13 % of the analysed colloids in 
comparison to sample P3/3p1lK538 with lOO % of colloids containing Calcium. 
The Si:Fe ratio ranged from 0.1 to 0.6 with most < 0.4. All errors are fairly low 
indicating that the system is reasonably homogeneous. These results show a 
slightly lower Si:Fe ratio in comparison to the results from sample P3/3pIlK538, 
the % of silicon present is similar in both samples but the Fe content is higher in 
sample P4/5pIlLA52. The colloid in sample P4/5p1lLA52 show a less 
complicated elemental structure than those in sample P3/3p IIK53 8 although both 
samples are relatively homogeneous in nature. The graph shows the relative 
simplicity of the elemental composition of the colloids analysed with consistent 
amounts of iron, silicon and chlorine. The quantitative analysis of the colloids 
shows a simpler elemental composition than the qualitative results. Both sets of 
results show that the dominant element is iron with silicon and chlorine 
commonly observed. Calcium is more commonly observed in the qualitative 
results than in the quantitative results. Other elements such as sulphur, 
aluminium, magnesium, chromium, copper, lead etc are also observed in the 
qualitative results and not in the quantitative results. This apparent difference in 
the two sets of results could be due to the relatively low number of colloids 
analysed or due to aging of the colloids on the membrane between the two 
analyses. 
The results for groundwater sample P4/4p1lL74 are shown in tables (3.35 - 3.38) 
and (3.45 - 3.47) and figures (3.26 - 3.28). As mentioned above the colloids 
analysed were split into two groups - those that existed as single particles and 
those that were present as aggregates. We will consider the colloids that exist as 
single particles first (Tables 3.35 and 3.46). These colloids all contained silicon 
and most (97 %) contained iron at 15.2 ± 17.1 and 69.4 ± 7.5 % (by weight) 
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respectively. One colloid (No.11) contained 100 % silicon. If this value is 
removed then the average silicon content for all colloids existing as single 
particles becomes 12.1 ± 5.1 % (by weight). The Si:Fe ratio ranged from 0.1 to 
0.4. Sodium and calcium were also commonly observed elements at 19.9 ± 3.9 
and 3.6 ± 1.2 % (by weight) contained in 72 % of all colloids analysed. The low 
errors and low Si:Fe ratio for these results indicate that the sample is fairly 
homogeneous. Magnesium, aluminium and copper were also present. No 
sulphur, chlorine or zinc was detected. 
The colloids that existed as aggregates all contained silicon and iron at 11.0 ± 3.6 
and 63.4 ± 16.0 % (by weight) respectively (Tables 3.36 and 3.46). The Si:Fe 
ratio ranged from 0.1 to 0.3. Sodium and calcium were also commonly observed 
elements at 22.7 ± 8.2 and 3.4 ± 1.1 % (by weight) respectively. The low errors 
and low Si:Fe ratio for these results indicate that the sample is fairly 
homogeneous. The silicon, iron, sodium and calcium contents are identical to 
those shown by the single particles. Copper and zinc were observed in the 
aggregates. Sulphur was also observed but no chlorine. Figure (3.26) shows that 
there is no observable difference between the colloids that exist as single 
particles and those that exist as aggregates, the iron, silicon, calcium and sodium 
content is consistent across both. 
Some of the membranes were rinsed after filtration with pre-filtered, de-aerated 
water to remove any impurities that may form crystals and be erroneously 
considered as colloids inherent in the groundwater sample. The colloids analysed 
on the washed membranes were again split into single particles and aggregates. 
The colloids that existed as single particles mostly (92 %) contained silicon and 
all contained iron at 11.8 ± 4.3 and 70.0 ± 24.6 % (by weight) respectively 
(Tables 3.36 and 3.46). The Si:Fe ratio for all the particles was up to 0.7 with 
most at 0.2 and below. The variation in the iron content was due to significant 
amounts of zinc being present (up to 52 % by weight). the one colloid with no 
silicon (No. 54) was composed of iron, sulphur and zinc. No chlorine was 
associated with the sulphur. Sodium, magnesium and chlorine were also present. 
114 
The aggregates that existed on the washed membranes all contained silicon and 
iron at 14.1 ± S.O and 78.4 ± 11.3 % (by weight) respectively (Tables 3.38 and 
3.47). The Si:Fe ratio ranged from 0.1 to 0.3. The low errors and low Si:Fe ratio 
indicates that the system is fairly homogeneous. Chlorine was observed in half of 
the colloids analysed. Copper and sodium were also present. There was no 
significant difference between the colloids existing as single particles and those 
existing as aggregates on both the washed and unwashed membranes. The Si:Fe 
ratio was the same for both types of colloid. The only difference was that the 
aggregates on the washed membranes did not contain calcium although the 
calcium content of colloids on the washed membrane was greatly reduced in 
comparison to those on the unwashed membrane. Figure (3.27) shows that there 
is no observable difference between the colloids that exist as single particles and 
those that exist as aggregates, the iron and silicon content is consistent across 
both. 
There was no real difference in the Si:Fe ratio between colloids on the washed 
and unwashed membranes however all other elements were less common on the 
washed membranes than the unwashed leading to a higher iron content. Sodium 
and calcium were present in most (77 %) of the colloids on the unwashed 
membrane compared to only 9 and 18 % respectively on the washed membranes. 
Chlorine was observed only on the washed membranes and may be an artefact 
from the washing process. Figure (3.28) clearly shows that calcium and sodium 
are not as commonly observed in colloids on the washed membranes as they are 
in colloids on the unwashed membranes. Chlorine is present in colloids on the 
washed membrane but not in colloids on the unwashed. 
Groundwater samples P4/4pllL74 and P4/SpllLASI were taken from the same 
trench in November 2001 and August 2000 respectively. The silicon, sulphur, 
chlorine and sodium contents were similar for both samples. Sample 
P4/SpIlLASI contained colloids with a higher range of Si:Fe ratios than those 
from sample P4/4p1lL74, although most were below 0.7. The Si:Fe ratio for 
P4/4pllL74 was 0.2 ± 0.1. Sample P4/4pllL74 had a higher iron content and also 
fewer colloids analysed from this sample contained chlorine in comparison to 
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sample P4/5p1lLA5l (12 % to 69 % respectively). These differences could arise 
due to seasonal variation or variation in the waste lying beside the standpipe. 
The results for groundwater sample P6IIpIlL78 are shown in tables (3.39 -3.41) 
and (3.48 - 3.49) and figure (3.29). Although both washed and unwashed 
membranes were prepared for analysis by SEM-EDX the unwashed membranes 
proved to be unstable and no meaningful data could be attained from those 
membranes. Data presented here are from the washed membranes only. As for 
sample P4/4pIlL74 the colloids were split into two groups of single particles and 
aggregates however there were a significant number that were either unspecified 
at the time of analysis or were unable to be determined which group they 
belonged to. Those colloids that were present as single particles all contained 
silicon and most contained iron (75 %) at 40.6 ± 29.9 and 54.5 ± 16.7 % (by 
weight) respectively (Tables 3.39 and 3.49). The Si:Fe ratio ranged from 0.1 to 
2.7. Approximately half of the colloids had Si:Fe ratio> 1 including those 
colloids containing no iron. 17 % of the colloids analysed were composed of 100 
% silicon. The remaining colloids that did not contain iron (No. 13, 17 and 42) 
contained significant amounts of calcium (up to 29.6 % by weight). Calcium and 
sodium were not commonly observed elements in 28 and 3 % of colloids 
respectively. Sulphur was observed in 11 % of colloids analysed and was found 
in the presence of chlorine. Other elements observed were magnesium, 
aluminium and phosphorous. 
The colloids that existed as aggregates all contained silicon and iron at 22.0 ± 
12.6 and 56.8 ± 15.6 % (by weight) respectively (Tables 3.40 and 3.49). The 
Si:Fe ratio ranged from 0.1 to 1.3 although most were < 0.5. Chlorine was a 
commonly observed element at 10.2 ± 5.8 % (by weight) in 76 % of all colloid 
analysed. sodium and calcium were not commonly observed elements. Other 
elements observed were magnesium, aluminium, phosphorous and copper. 
The colloids analysed that were not specified as either single particles or 
aggregates all contained silicon and most contained iron (80 %) at 38.8 ± 35.0 
and 49.9 ± 26.0 % (by weight) respectively (Tables 3.41 and 3.49). The Si:Fe 
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ratio ranged from 0.2 to 2.4. There were two 100 % silicon colloids observed. 
The other colloids with an Si:Fe ratio> 1 (No. 5, and 8) contained significant 
amounts of other elements. Colloid number 5 contained 72.0 % (by weight) 
aluminium. Colloid number 8 contained 37.6% phosphorous. Colloid number 9 
was composed of silicon and iron only. Calcium and sodium were not commonly 
observed elements. Other elements observed were magnesium, chlorine and 
molybdenum. 
There was no real difference between the single particles and aggregates. The 
errors for all three colloid groups were fairly high indicating that the system was 
less homogeneous than found in the other groundwater samples. 100 % silica 
colloids existed as aggregates. There was some indication that the single particles 
had fewer elements associated with the core silicon and iron in comparison to the 
aggregates. Figure (3.29) showed that the elemental composition of the colloids 
from this groundwater sample were more variable (more heterogeneous) than the 
other samples studied. There were three types of colloids present as single 
particles, the first having low silicon (-20 %) and high iron (-60 %) content, the 
second having comparable amounts of iron and silicon and the third being 
composed of 100 % silicon. Only the first two types of colloid were noted as 
aggregates, the third type existing as single particles only. Chlorine and sulphur 
were more commonly observed in the aggregates. 
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Element Colloid number 
(%Atoms) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 
Na 26.2 26.3 31.5 37.4 28.7 29.3 35.2 41.9 42.4 31.0 22.6 38.4 39.3 31.0 
Mg 14.2 13.2 
Al 5.1 11.2 9.9 14.8 3.6 
Si 13.4 18.0 18.2 14.5 13.1 21.5 17.1 18.6 21.5 23.4 44.0 14.0 24.1 24.1 14.4 14.6 17.8 17.6 15.8 18.2 14.3 9.8 19.2 15.7 22.3 20.4 19.1 
S 10.0 
Cl 6.6 3.2 5.3 2.7 3.0 3.7 5.3 4.1 6.3 7.0 12.8 4.3 5.1 5.9 2.8 7.8 2.8 4.5 4.0 5.0 3.0 
Ca 4.3 2.0 9.2 1.8 4.6 2.7 3.6 4.1 6.1 6.4 7.7 4.4 5.4 5.2 4.4 8.7 3.1 2.3 4.5 3.0 3.0 7.6 3.9 2.6 4.7 5.2 6.1 
Fe 44.5 35.8 48.6 31.7 47.8 37.9 36.6 53.0 56.1 45.5 35.5 48.6 48.7 58.4 49.2 33.8 37.3 56.4 55.9 36.4 51.7 57.2 34.0 38.5 68.0 51.5 43.8 
Zn 15.6 18.6 19.5 20.2 17.7 16.7 20.2 23.7 19.9 
Si:Fe ratio 0.3 0.5 0.4 0.5 0.3 0.6 0.5 0.4 0.4 0.5 1.2 0.3 0.5 0.4 0.3 004 0.5 0.3 0.3 0.5 OJ 0.2 0.6 0.4 0.3 004 0.4 
Table (3.32): Elemental composition of colloids from sample P3/3p11K538. 
-
-00 
Element Colloid number 
(%Atoms) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 
Na 18.6 14.0 22.9 19.3 21.3 19.7 20.1 16.0 18.5 22.4 15.3 20.2 23.4 21 
Mg 12.3 lOA 18.7 22.2 19.0 33.9 15.0 1504 19.9 14.9 18.9 20.0 16.8 12.5 18.1 7.5 
Al 9.8 9.7 19.9 8.0 7.6 22J 16.5 58.6 
Si 33.6 27.6 16.9 18.1 27.0 15.7 26.5 25.6 18.6 23.0 21.8 18.8 1904 19.2 31.0 18.0 18.7 21.3 16.4 12.1 32.7 31.5 28.8 
"2 54.7 30.5 19.7 
S 5.9 34.2 21.4 .~ 
3.3 11.6 5.6 1.1 3.2 0.0 3.7 
~ 
4.2 Cl 12.6 7.0 3.5 4.9 8.1 5.9 5.8 7.8 5.8 3.5 4.5 6.1 2.4 0 
K 1.3 Z 
Ca 2.4 2.7 4.1 3.6 4.7 4.4 7.3 1.5 4.4 0.3 6.8 3.5 2.0 3.2 9.1 3.1 47.3 45.6 35.7 100 45.3 7.7 6.4 
Fe 53.8 6504 30.6 41.8 50.1 56.0 43.2 41.7 30.9 31.5 50.3 43.5 33.1 49.7 34.5 35.2 33.4 38.9 56.0 56.4 8.8 11.5 40.8 11.1 
Si:Fe ratio 0.6 004 0.6 0.4 0.5 0.3 0.6 0.6 0.6 0.7 0.4 004 0.6 0.4 0.9 0.5 0.6 0.5 0.3 0.2 3.7 N/A N/A 2.5 N/A N/A 0.7 1.8 
. . Table (3.33): Elemental composItIon of collOIds from sample P415p 11LA51 . 
Element Colloid number 
(% Atoms) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Na 21.6 
Si 11.0 15.8 7.6 13.2 11.6 13.4 18.2 20.3 31.4 21.9 17.5 17.3 25.5 23.3 17.8 
Cl 7.5 5.2 6.9 8.4 17.1 14.6 12.5 7.0 10.2 15.6 16.5 10.3 9.1 
Ca 2.5 6.8 
Fe 67.4 84.2 84.9 79.1 81.5 78.2 64.7 65.1 56.1 71.2 72.4 67.2 58.0 59.6 73.1 
Si:Fe ratio 0.2 0.2 0.1 0.2 0.1 0.2 0.3 0.3 0.6 0.3 0.2 0.3 0.4 0.4 0.2 
.. 
rable (3.34): Elemental composltlon of collOIds from sample P3/3p11LA52. 
Element Colloid number 
(%Atoms) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 
-
-
Na 25.7 19.4 16.6 17.5 18.2 19.4 17.6 16.2 12.9 28.9 17.0 19.4 20.4 21.4 22.4 26.1 18.4 24.6 17.7 21.9 16.3 
'-Cl 
Mg 7.1 
Al 5.5 6.1 
Si 19.6 22.6 9.6 28.1 19.8 9.9 8.3 8.5 10.5 9.7 100.0 9.6 14.4 8.8 15.5 11.6 18.3 11.8 8.1 9.4 10.3 8.6 8.7 10.7 8.9 7.3 9.5 10.5 11.0 
S 
Cl 
Ca 4.1 2.4 3.0 2.8 3.2 2.7 2.7 3.3 4.8 7.9 3.7 5.1 3.5 4.4 2.9 2.6 2.5 3.6 3.4 2.9 3.5 
Fe 80.4 77.4 60.6 71.9 80.2 60.4 72.2 71.1 68.1 68.2 53.5 85.7 71.7 84.5 70.7 73.8 59.3 71.2 66.1 65.8 65.6 66.0 60.7 70.2 64.6 69.5 64.7 69.2 
Cu 2.5 3.4 
Zn 
Si:Fe ratio 0.2 0.3 0.2 0.4 0.2 0.2 0.1 0.1 0.2 0.1 N/A 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.2 0.2 
.. 
rable (3.35): Elemental composltlon of collOIds eXlstmg as smgle partIcles from sample P4/4p IlL 74. 
Element Colloid number 
(%Atoms) 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 
Na 30.7 21.2 44.9 16.0 15.7 20.0 17.5 25.3 18.0 20.8 23.3 23.0 22.7 14.5 40.2 19.2 12.1 22.9 22.8 
Mg 
Al 
Si 10.0 11.4 3.1 17.4 8.4 11.6 14.2 9.0 15.6 9.6 10.7 9.6 19.2 13.1 8.3 12.5 4.4 9.1 9.5 11.2 112 11.0 13.4 
S 13.8 15.7 
Cl 
Ca 4.0 2.8 1.5 2.4 4.6 3.2 3.1 3.2 2.6 4.7 5.7 3.4 1.9 3.1 3.1 3.1 3.5 5.2 4.4 
Fe 55.3 64.7 17.4 82.6 66.9 55.4 65.9 70.3 59.1 65.3 60.8 64.5 80.8 59.2 63.4 69.6 22.9 68.6 75.3 62.9 62.5 83.8 82.2 
Cu 4.4 1.7 6.3 4.0 4.6 
Zn 15.0 4.7 6.4 14.8 
-N Si:Fe ratio 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.1 0.3 0.1 0.2 0.1 0.2 0.2 0.1 0.2 0.2 0.1 0.1 0.2 0.2 0.1 0.2 
o .. . . Table (3.36): Elemental composltlon of collOids eXlstmg as aggregates from sample P4/4p11L74. 
Element Colloid number 
(%Atoms) 53 54 55 56 57 58 59 60 61 62 63 64 
Na 12.5 
Mg 7.1 
Al 
Si 15.5 14.8 10.! 3.7 18.3 8.2 10.4 10.0 11.9 10.0 17.4 
S 36.1 
Cl 5.5 7.4 6.2 10.4 
Ca 4.5 1.5 4.0 1.4 
Fe 84.5 17.8 85.2 55.9 89.3 25.7 85.0 89.6 75.5 88.! 71.2 72.2 
Cu 
Zn 46.1 29.6 5.4 52.0 
-N Si:Fe ratio 0.2 0.0 0.2 0.2 0.0 0.7 0.1 0.1 0.1 0.1 0.1 0.2 
-
.. Table (3.37): Elemental composItIon of collOIds eXIsting as sIngle partIcles on a washed membrane from sample P4/4p11L74. 
Element Colloid number 
(%Atoms) 65 66 67 68 69 70 71 72 73 74 
Na 32.4 
Mg 
Al 
Si 11.5 19.8 17.2 12.1 12.9 25.2 10.4 9.5 11.8 10.8 
S 
Cl 4.2 5.4 4.3 6.3 8.0 
Ca 
Fe 84.3 80.3 50.4 87.9 87.1 74.8 84.2 86.2 76.7 72.0 
Cn 5.3 9.3 
Zn 
Si:Fe ratio 0.1 0.2 0.3 0.1 0.1 0.3 0.1 0.1 0.2 0.1 
. . 
-~ Table (3.38): Elemental composllion of collOids eXlstmg as aggregates on a washed membrane from sample P4/4pl1L74 . 
. - - ----------------------------------------------------------------------------------------------
Element Colloid number 
(% Il 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 Atoms) 
N. 12.0 
Mg 25.9 21.0 13.6 32.7 27.7 19.9 39.1 13.9 36.8 
AI 2.2 
Si 29.0 17.2 30.4 23.9 22.0 17.8 8.1 32.2 52.7 55.9 41.9 45.0 53.8 100 100 22.8 21.3 18.1 100 15.6 30.8 13.8 15.6 6.9 42.9 100 15.8 41.7 43.7 47.8 17.8 32.0 100 100 13.5 32.2 
P 36.4 
S 17.8 12.9 16.9 21.1 
Mo 
Cl 10.0 12.5 40.0 18.5 16.3 11.9 13.7 9.9 25.0 4.2 7.5 5.2 19.4 
Ca 29.6 8.7 7.9 5.9 8.3 6.9 7.8 9.9 29.0 7.4 
Fe 43.2 57.4 57.s 61.7 53.4 57.9 47.3 44.1 58.2 55.0 46.2 43.4 51.9 73.6 63.8 11.5 82.1 76.9 85.7 37.8 76.4 58.3 28.5 52.2 52.4 65.1 31.0 
Cu 
Si:Fe 0.7 D.3 NIA D.4 D.4 0.3 NIA 0.6 1.1 1.3 0.7 0.8 1.2 NIA NIA 0.5 0.4 0.2 N/A 0.2 2.7 0.2 0.2 0.1 l.l N/A 0.2 0.7 1.5 0.9 0.3 N/A N/A N/A 0.2 1.0 
ratio 
. . Table (3.39): Elemental composition of collOIds eXlstmg as smgle particles on a washed membrane from sample P6/1 p IlL 78 . 
- --------------------------------------------------------------------------------------------------------------------------
Element Colloid number 
(% Atoms) 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 
Na 5.2 30.4 
Mg 4.7 10.0 21.8 
Al 8.3 11.9 6.6 6.8 11.7 9.8 5.3 
Si 8.0 7.7 9.4 11.3 21.4 20.6 31.6 10.3 28.8 23.6 16.6 10.8 56.8 27.0 17.0 18.8 20.3 18.3 16.0 33.3 16.0 22.2 14.5 51.5 38.2 
P 15.5 19.3 5.7 
S 13.1 16.2 15.7 15.7 23.1 16.9 
Mo 
Cl 4.0 5.4 5.3 8.8 8.2 14.3 19.2 3.5 7.6 21.5 22.1 3.8 9.3 12.2 4.8 7.0 12.2 11.0 13.4 
Ca 12.6 
Fe 70.2 70.8 69.6 64.3 62.2 52.5 49.3 65.5 30.6 54.9 14.0 37.4 43.2 38.6 79.2 71.9 55.6 70.4 70.2 42.8 63.2 64.4 69.5 48.6 61.S 
Cu 12.7 32.5 5.0 
Si:Fe ratio 0.1 0.1 0.1 0.2 0.3 0.4 0.6 0.2 0.9 0.4 1.2 0.3 1.3 0.7 0.2 0.3 0.4 0.3 0.2 0.8 0.3 0.3 0.2 \.I 0.6 
. . . . Table (3.40): Elemental composItIOn of COllOIds eXIstmg as aggregates on a washed membrane from sample P6/Ip11L78 . 
Element Colloid number 
(% Atoms) 1 2 3 4 5 6 7 8 9 10 
Na 5.1 
Mg 28.0 
AI 8.5 5.2 72.0 
Si 20.2 16.7 17.0 12.4 7.7 100 36.0 55.0 100 22.6 
P 37.6 
S 
Mo 11.9 
Cl 10.2 lOA 4.1 8.7 
Ca 3.4 8.5 
Fe 79.8 73.1 64.0 66.4 3.2 26.4 45.0 40.9 
Cu 
Si:Fe ratio 0.3 0.2 0.3 0.2 2.4 NJA 1.4 1.2 NJA 0.6 
. . Table (3.41): Elemental composItion of colloIds (not spectfied as eIther aggregates or single particles) on a washed membrane from sample P6Jlp11L78 . 
Average ± S.D. 
Element (%Atoms) % of particles 
Na 32.9 ± 6.2 52 
Mg 13.7 ± 0.7 7 
Al 8.9 ±4.6 19 
Si 18.7 ± 6.2 100 
S 10.0 4 
Cl 5.0 ±2.3 78 
Ca 4.7 ± 2.0 100 
Fe 46.0 ± 9.4 lOO 
Zn 19.1 + 2.4 33 
Si:Fe ratio 0.4 ± 0.2 
. . 
Table (3.42): Average elemental composItIon and % of particles containing the specified element of the colloids examined from sample P3/3pl/K538 . 
-N 
a, Element Average ± S.D. % of particles 
(%Atoms) 
Na 19.5±2.8 48 
Mg 17.2+5.9 55 
Al 19.0 ± 16.9 28 
Si 24.1 + 8.6 90 
S 20.5 ± 14.2 10 
Cl 5.5 ±2.9 69 
K 1.3 3 
Ca 15.3 ± 24.0 79 
Fe 39.5 ± 14.7 83 
Si:Fe ratio 0.8 ± 0.8 
.. 
Table (3.43): Average elemental compOSItIOn and % of particles containing the specified element of the colloids examined from sample P4/5p11LA51. 
- - - -- -----------------------------------------------------------------------------------------~ 
Element Average ± S.D. % of particles 
(%Atoms) 
Na 21.6 7 
Si 17.7+6.2 lOO 
Cl 10.8 + 4.0 87 
Ca 4.6 ±3.0 13 
Fe 70.8 ± 9.4 lOO 
Si:Fe ratio 0.3± 0.1 
. . Table (3.44): Average elemental composltlon and % of particles containing the specified element of the colloids examined from sample P3/3pIILA52 . 
Element Average ± S.D. % of particles 
(%Atoms) 
Na 21.3±6.6 57 
Mg 7.1±0.0 3 
Al 5.8 +0.4 3 
Si 13.2 ± 11.2 99 
S 21.9 ± 12.4 3 
Cl 6.4 ± 2.0 12 
Ca 3.4 ± 1.2 59 
Fe 68.9 ± 15.2 lOO 
Cu 4.6 ± 2.2 12 
Zn 21.7 + 18.7 9 
Si:Fe ratio 0.2 ± 0.1 
.. Table (3.45): Average elemental composItlon and % of particles containing the specified element of the colloids examined from sample P4/4pI1L74. 
---_.--------------------------------------------------------------------------------------------------------
Element All unwashed Unwashed Particles Unwashed Aggregates 
Average ± S.D. % of particles Average ± S.D. % of particles Average ± S.D. % of particles 
(% Atoms) (%Atoms) (%Atoms) 
Na 21.2 ± 6.4 77 19.9 + 3.9 72 22.7 ± 8.2 83 
Mg 7.1 2 7.1 3 
-
0 
Al 5.8 ± 0.4 4 5.8 ± 0.4 7 - 0 
Si 13.3 ± 13.0 100 15.2 + 17.1 100 11.0+3.6 lOO 
S 14.8 ± 1.4 4 
-
0 14.8 + 1.4 9 
Cl 
-
0 
-
0 
-
0 
Ca 3.5 ± 1.2 77 3.6 + 1.2 72 3.4 + l.l 83 
Fe 66.7 ± 12.4 98 69.4 ± 7.5 97 63.4± 16.0 lOO 
Cu 3.8 ± 1.5 13 2.9 ±0.7 7 4.2 ± 1.7 22 
Zn 10.2 ± 5.4 6 
-
0 10.2±5.4 13 
-
Si:Fe ratio 0.2 + 0.1 0.2 +0.1 0.2 ±O.O 
.. . . w 
00 Table (3.46): Average elemental composItIon, % of partICles contammg the specIfied element and type of collOId exammed (smgle particle or aggregate) from unwashed 
membranes of sample P4/4pl1L74. 
Element All washed Washed Particles Washed Aggregates 
Average ± S.D. % of particles Average ± S.D. % of particles Average ± S.D. % of particles 
(%Atoms) (% Atoms) (%Atoms) 
Na 22.5 ± 14.1 9 12.5 8 32.4 10 
Mg 7.1 5 7.1 8 
· 
0 
AI . 0 . 0 
· 
0 
Si 12.9+4.7 95 11.8 + 4.3 92 14.1±5.0 100 
S 36.1 5 36.1 8 
· 
0 
Cl 6.4 + 2.0 41 7.4 + 2.2 33 5.6 ± \.6 50 
Ca 2.& ± 1.6 18 2.8 ± 1.6 33 
· 
0 
Fe 73.8 ± 19.8 100 70.0+ 24.6 lOO 7&.4 ± 11.3 100 
Cu 7.3±2.& 9 . 0 7.3 ± 2.8 20 
Zn 33.3 + 20.8 18 33.3 ± 20.8 33 · 0 
-
Si:Fe ratio 0.2 ± 0.1 0.2 ±0.2 0.2 ± 0.1 
.. . . N 
'0 Table (3.47): Average elemental composItIon, % of partIcles contaInIng the specIfied element and type of collOId exammed (sIngle particle or aggregate) from washed 
membranes of sample P414p11L74. 
Element Average ± S.D, % of particles 
(%Atoms) 
Na \3,2 ± 11.9 6 
Mg 22,7 ± 10.4 30 
Al }3,5 + 19,6 13 
Si 33.8 ± 27,1 100 
P 22,9 ± /3,g 7 
S 16,9 ± 3.2 14 
Mo 11.9 I 
Cl IL7±7.5 51 
Ca 11.2 ± 8.3 18 
Fe 54.9 + 17.5 85 
Cu 16,8 + 14,2 4 
-
Si:Fe ratio 0,6 +0.5 
, , ~ Table (3.48): Average elemental composItIon and % of particles containing the specified element of the colloids examined from washed membranes of sample P6ilip11L78. 
-w 
-
- - ---------------------------------------------------------------------------------------------------~ 
Element Not specified Particles Aggregates 
Average ± S.D. % of particles Average ± S.D. % of particles Average ± S.D. % of particles 
(%Atoms) (%Atoms) (%Atoms) 
Na 5.1 10 12.0 3 17.8 ± 17.8 8 
Mg 28.0 10 25.6± 9.3 25 12.2 ± 8.8 12 
Al 28.6±37.6 30 2.2 3 8.6 ±2.6 28 
Si 38.8 ± 35.0 100 40.6 ±29.9 100 22.0 ± 12.6 100 
P 37.6 10 36.4 3 13.5 + 7.0 12 
S 
- 0 17.2±3.4 11 16.8±3.4 24 
Mo 11.9 10 - 0 
-
0 
Cl 8.4 ± 2.9 40 14.9 + 9.6 36 10.2±5.8 76 
Ca 5.9 ±3.6 20 12.1 ± 9.1 28 12.6 4 
Fe 49.9 ±26.0 80 54.5 + 16.7 75 56.8 ± 15.6 lOO 
Cu 
-
0 
-
0 16.8 ± 14.2 12 
Si:Fe ratio 0.8 ±0.8 0.7±0.6 0.5 ± 0.4 
. . .. Table (3.49): Average elemental composItIOn, % of partIcles contallllng the specIfied element and type of collOId exammed (single particle or aggregate) from washed 
membranes of sample P6111p11L78. 
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Figure (3.23): Elemental composition of colloids in sample P3/3pl/K538. 
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Figure (3.24): Elemental composition of colloids in sample P4/Sp I ILAS 1. 
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Figure (3.26): Elemental composition of colloids in sample P4/4pIlL74 (Unwashed membranes). 
135 
lOO 
::l 90 
..Si 80 0 
Q 70 ..... 
• • • • • • • • • • • • 
• • • 
• • • 
0 
" 
60 0 
:~ 50 0 
• 
• 
"" E 40 
0 
Q 30 .~ 
E 20 3 
...: 10 
"if. 
0 
I SinQle oarticle I I Ae:~ee:ate I 
• • 
• • • • • • • • 
• • • • • • • • • • • • 
• 2 • • 
52 57 62 67 72 
Colloid munber 
60 
"" 
0 r-E 50 • N. 
0 0 :t:Mg Q 
..... 40 0 
.lAI 
" • .g 
• .s . ~ 30 0 0 
"" 
• Cl 
E I I I I 0 20 Sinl!'1e Darticle AI!!!fee:ate o Zn Q .~ -
E 
• 3 10 • \l ...: )1: 0 • • • 0 "if. • • 
0 
52 57 62 67 72 
Colloid number 
Figure (3.27): Elemental composition of colloids in sample P4/4pllL74 (Washed membranes). 
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Figure (3.28): Elemental composition of colloids in sample P6/1 p IlL 78. 
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3.3.4 Anerobic-aerobic transition. 
An anaerobic sample left to stand in ambient atmosphere was found to produce 
an orange-brown precipitate. The amount of precipitate formed per litre of 
groundwater sample is shown in table (3.50). Similarities are shown in the solids 
content for samples taken from the same standpipe and for samples taken from 
the same trench. 
Sample Solids content (g dm·» 
P3/3p IIK53 8 0.87 
P3/3pllLA52 0.99 
P4/5pllLA51 1.06 
P4/4pllL74 1.07 
P6/1pllL78 1.29 
Table (3.50): Solids content of groundwater samples. 
Some of the precipitate formed in groundwater samples P3/3pllLA52 and 
P4/5pl/LA51 was isolated on a 1.0 f!m membrane. The supernatant was then 
filtered through a 0.1 f!m membrane and both membranes were analysed by 
qualitative SEM-EDX. The results are shown in tables (3.51 - 3.52). Both 
samples showed that the precipitate was mainly composed of iron with silicon 
and calcium also present. The colloids/particles that remained in solution once 
the sample had gone aerobic were calcium based. Sample P4/5pllLA5l showed 
that some colloids composed of iron and silicon and also organic colloids 
remained in solution in addition to the calcium based colloids. Precipitate from 
sample P3/3plIK538 was analysed by XRD and was found to be amorphous. 
In an attempt to maintain the anaerobic conditions in the groundwater sample 
P3/3plIK538 nitrogen gas was bubbled through an aliquot of the sample in a 
covered beaker. A green precipitate was formed under these conditions. This 
effect was also observed with argon gas indicating that the gas was displacing 
oxygen in the groundwater and not reacting with it. The green precipitate rapidly 
turned orangelbrown upon oxidation. The bubbling caused the precipitation of 
iron as Fe(II)oxyhydroxide and this oxidises to Fe(III)oxyhydroxide. 
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Elements Preci itate Supematant 
present I 2 1 2 3 
Mg 
Al 
Si x x 
Cl 
K 
Ca x x M M M 
Fe M M 
O~g 
.. Table (3.51): QualitatIve elemental composItIOn ofthe precipitate formed due to the oxidation of sample P3/3pl1LA52 and of colloids/particles remaining in the supematant. 
(M = major element present, x = minor element present). 
Elements Precipitate Supernatant 
present I 2 3 4 1 2 3 4 5 6 7 8 9 10 11 
Mg x 
Al x 
Si x x x x x M x 
Cl x 
K x x 
Ca x x x x M M M M M x x M x 
Fe M M M M M x M 
Org M M 
.. . . Table (3.52): QualitatIve elemental composItIOn ofth. prec'p,tate formed due to the OXIdatIon of sample P4/5p lILA51 and of colloids/particles remaining in the sup.matant. 
(M = major element present, x = minor element present). 
Aliquots of groundwater sample P4/5pllLA51 were allowed to go aerobic and 
the changes in UV absorbance, Doe and particle size were monitored over a 21 
hour period. The results are shown in figure (3.30). 
The UV results (figure (3.30a» show an increase in the absorption of the sample 
(really an increase in the light scattering properties of the sample) with time 
which corresponds to the formation of precipitate within the solution as the 
sample gradually becomes more aerobic. After approximately 170 minutes the 
absorbance reaches a maximum and then starts to decrease. This decrease is due 
to the aggregation of the precipitate in the sample leading to settling out and 
greater transmission of light through the sample and hence a decrease in UV 
absorption (light scattering). 
Figure (3.30b) shows the DOe of the sample with time. The results show an 
increase in the DOe with time to a maximum of 8.6 mg dm-3 after approximately 
200 minutes. This value corresponds to the literature value for fully aerated water 
8.58 mg dm-3 (Section 2.3.2). 
Figure (3.30c) shows the particle size measurements by pes (See section 2.5.1). 
The expected result from the particle size readings would be an increase in the 
particle size with time and then a sudden drop, which would correspond to the 
aggregation of particles in the sample followed by settling out. For accuracy 
particle size measurements are usually averaged from multiple readings allowing 
occasional outliers to be discarded. For the timed experiment only one reading 
could be taken every 5 minutes thus outliers are no so easily detected and this 
accounts for the scatter of these results. pes measurements also become more 
scattered as the sample concentration decreases. The results show a general 
increase in the particle size within the sample with a maximum at approximately 
200 minutes. 
All the results suggest that the sample takes 200 minutes, after dispensing, to 
become fully aerobic when left to stand in ambient atmosphere at room 
temperature. 
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Figure (3.30): Change in (a) UV absorbance, (b) DOC and (c) particle size of 
sample P4/5p1lLA51 with time upon exposure to the atmosphere. 
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3.4 DETERMINATION OF RADIOACTIVITY 
The radioactivity results are shown in tables (3.53 - 3.68). All results are 
corrected for dilutions arising from the analysis procedures. Activities quoted for 
the membranes analysed have been related to the volume of groundwater passed 
through the membrane. All radioactivity results are given in Bequereis per litre 
(Bq dm·3). The associated errors are for 10. 
3.4.1 Summary radioactivity 
Table (3.53) shows the tritium, gross alpha, gross non-tritium beta and gamma 
activities for all the unfiltered groundwater samples. All activities are given in 
Bq dm·3• These radioactivity measurements are performed in triplicate for the 
tritium radioactivity and in duplicate for all other measurements. For all the 
groundwater samples the majority of the radioactivity is due to tritium and is in 
the order of 103 - 105 Bq dm·3. Gross alpha radioactivity levels are generally less 
than I Bq dm-3• Gross non-tritium beta and 137CS radioactivity levels are in the 
order of 102 - 103 and 10° - 102 Bq dm-3 respectively. 40K and 60Co radioactivity 
levels are generally below the limit of detection (3.8 and 0.3 Bq dm-3 
respectively). 
3.4.2 Filtration of waters 
The filtration of the samples allows the size fractions of the particles to be 
separated and analysed. Each groundwater sample was filtered sequentially 
through 12 J.lm, 1.0 J.lm, 30,000 D (5 - 10 nm) and 500 D membranes « I nm) 
see section 2.4. The unfiltered groundwater sample and the filtrate and 
membrane (1.0 J.lm, 30,000 D and 500 D) were analysed for radioactivity content 
and the radioactivity associated with each size fraction was determined. 
A fraction of the unfiltered groundwater and each of the filtrates (from 1.0 J.lm, 
30,000 D and 500 D membranes) were allowed to stand so that the solutions 
could go fully aerobic. The resulting precipitates were isolated and the 
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Sample Tritium Gross alpha Gross non-tritium " Cs .oK Co 
beta 
P3/3pl1K516 1.20E+3 ± 4.2E+ 1 1.65E-1± 6.8E-2 1.28E+2 ± 2.0E+! • • < O.3E+O 
P3/3pl1K538 1.93E+3 ± 1.0E+2 6.59E-l ± 1.8E-2 1.25E+2 ± 2.4E-l • • < O.3E+O 
P3/3plILA52 6.90E+3 ± 7.0E+ 1 L62E-l ± 1.8E-2 1.97E+2 ± 8.5E-l 4.82E+0 ± lAE-l <3.8E+0 <O.3E+O 
P4/5plILA51 1.05E+4 ± 5.2E+3 2.12E-I ± 1.6E-2 5.43E+2 ± LlE+O 6.37E+I ± 3.9E-l < 3.8E+0 < O.3E+O 
P4/4p1 1L74 3.93E+4 ± 7.5E+2 3.09E-I ± 1.6E-2 4.70E+2 ± 1.1E-l 4.27E+! ± 3.5E-I <3.8E+0 < 0.3E+0 
P6/1plIL78 8.71E+5 ± 2.3E+4 3.0IE-I ± 1.2E-2 7.29E+2 ± 7.lE-I 1.59E+2 ± 6.5E-I < 3.8E+0 1.27E+0 ± l.5E-I 
P5/4pllL77 7.06E+5 ± 8.2E+4 9.95+0 ± 2.2E-I 1.08E+3 ± 2.0E+O 2.89E+2 ± 8.6E-l 2.56E+I ± 1.8E+O 3.09E+O ± 1.8E-I 
. . Table (3.53): Summary actlVlty (Bq dm ') for groundwater samples. Errors are at 10" . 
radioactivity content in the precipitate and supernates were detennined. No 
precipitate was fonned in the SOO D filtrate. Radioactivity measurements for the 
filtrates are perfonned in duplicate but due to the lack of sample available all 
other measurements were not replicated. 
3.4.3 Gross alpha analysis. 
The distribution of alpha radioactivity due to filtration and anaerobic/aerobic 
state for the groundwater samples is shown in tables (3.S4 - 3.S8). Samples 
P3/3p1lKS16 and PS/4p1lL77 were not filtered and are not shown here. 
P3/3p IILAS2 was only partially analysed, as the sample became aerobic during 
analysis. The results are shown graphically in figure (3.31). The errors shown are 
based on counting statistics and are at 1 cr. 
All the samples analysed show a similar trend. There is a decrease in the alpha 
radioactivity in the solution due to filtration however radioactivity levels on the 
1.0 ftm and 30,000 D membranes are below the limit of detection (0.06 Bq dm·\ 
In all samples half of the alpha radioactivity was retained on the SOO D 
membrane and half was present in the SOO D filtrate. The SOO D membrane is the 
only membrane showing quantifiable levels of alpha radioactivity. This proves 
that half of the alpha radioactivity is associated with the colloidal (1 ftm - SOO D) 
size fraction and half is associated with the ionic « SOO D) size fraction. 
Once the unfiltered sample and each filtrate had been allowed to go fully aerobic 
the alpha radioactivity was distributed between the precipitate and supernate. 
None of the samples generated any precipitate in the SOO D filtrate. Sample 
P3/3p11KS38 showed less than 12 % of the alpha radioactivity was associated 
with the precipitate. The high radioactivity measured in the 1.0 ftm aerobic· 
supernate is most likely due to non-representative sampling of the ash used to 
prepare the source for counting (see section 2.7.2). Sample P3/3pIlLAS2 was 
only partially analysed but showed approximately SO % of the alpha radioactivity 
was associated with the precipitate, however the radioactivity levels for this 
sample were low and close to the limit of detection. Samples P4/Sp IILAS1 and 
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P4/4pllL74 also showed significant levels of alpha radioactivity associated with 
the precipitate up to 53 and 42 % respectively. Sample P611pllL78 showed the 
highest amount of radioactivity associated with the precipitate up to 75 %. Once 
aerobic the redox-sensitive particles/colloids will form a precipitate and the 
stable particles/colloids will remain in solution. The alpha radioactivity 
distributes between the supematant and precipitate in varying degrees although 
as no precipitate formed within the 500D filtrate all the alpha radioactivity from 
the < 500D size fraction remains in solution. 
Filtration Anaerobic Aerobic 
State Filtrate Membrane Supernatant Precipitate 
Unfiltered 6.59E-l + l.SE-2 - 6A9E-l + l.2E-2 8.90E-2 + 4.0E-3 
lllm 6.39E-l ± l.5E-2 < 6.0E-2 1.05E+O ± l.7E-2 7.60E-2 ± 4.0E-3 
30,OOOD 4.lSE-l + lAE-2 < 6.0E-2 5.S7E-l + l.5E-2 < 6.0E-2 
500D 2.59E-l + l.OE-2 3.66E-l + 2.0E-2 - -
· . Table (3.54): Alpha radlOactlVlty dlstnbutlOn (Bq dm 3) of sample P3/3p11K538 due to 
filtration and anaerobic/aerobic condition. 
Filtration Anaerobic Aerobic 
State Filtrate Membrane Supernatant Precipitate 
Unfiltered l.62E-l + l.SE-2 - 6.20E-2 + 5.0E-3 < 6.0E-2 
lllm 1.30E-l ± l.5E-2 < 6.0E-2 7.90E-2 ± 6.0E-3 7.80E-2 ± 6.0E-3 
30,OOOD NM NM NM NM 
500D NM NM NM NM 
· . Table (3.55): Alpha radlOactlVlty dlstnbutlOn (Bq dm 3) of sample P3/3p1lLA52 due to 
filtration and anaerobic/aerobic condition. 
Filtration Anaerobic Aerobic 
State Filtrate Membrane Supernatant Precipitate 
Unfiltered 2.l2E-l ± 2.2E-2 - 1.24E-l + 6.0E-3 lAlE-l + 9.0E-3 
lllm 1.97E-l ± 1.6E-2 < 6.0E-2 1.21E-l ± 7.0E-3 l.78E-l + 7.0E-3 
30,OOOD 2.l4E-l ± 1.7E-2 < 6.0E-2 1.23E-l ± 5.0E-3 I.OIE-l + 8.0E-3 
500D 1.29E-l + lAE-2 1.42E-l + 6.3E-2 - -
· . 
." Table (3.56). Alpha radlOactlVlty dlstnbutlOn (Bq dm ) of sample P4/5plILA51 due to 
filtration and anaerobic/aerobic condition. 
Filtration Anaerobic Aerobic 
State Filtrate Membrane Supernatant Precipitate 
Unfiltered 3.09E-l ± l.6E-2 - 3.07E-l ± l.OE-3 l.23E-l + l.OE-3 
lllm 2.57E-l ± l.4E-2 < 6.0E-2 l.94E-l ± l.OE-3 l.69E-l ± l.OE-3 
30,OOOD 2.44E-l ± I.3E-2 < 6.0E-2 2.92E-l ± 1.0E-3 1.00E-l + 1.0E-3 
500D l.55E-l + l.E-20 l.62E-l + l.OE-3 - -
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Tabl e (3.57): A lpha radioacti vity di stribution (Bq dm·l ) of sa mple P4/4pl /L74 due to 
filtration and anaerobic/aerobic condition. 
Filtration Anaerobic Aerobic 
State Filtrate Membrane Supematant Precipitate 
Un filtered 3.0 IE-1 + L2E-2 - 1.1 7E- 1 + 8.0E-3 1.87E- 1 + 4.0E-3 
I ~lIn 2.04E- 1 + L3 E-2 < 6.0E-2 < 6.0E-2 1.30E- 1 + 5.0E-3 
30,OOOD 8.80E-2 ± 8.0E-3 < 6.0E-2 1.38E- 1 ± 6.0E-3 1.35E-1 ± 5. 0E-3 
500D I 13E- 1 + 1.6E-2 8.7E-2 + I.4E-2 - -
'.h Table (3.58) . Alpha radIOacti Vity dlstnbutiOn (Bq dm ) of sample P6/ 1 p llL 78 due to 
filtration and anaerobic/aerobic conditi on. 
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(c) Sample P3/3p IlLAS2 . 
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3.4.4 Gross Non-tritium beta analysis. 
The di stribution of non-tritium beta radioacti vity due to filtration and 
anaerobic/aerobic state for the groundwater samples is shown in tables (3.S9 -
3.63). The results are shown graphically in figure (3.32). The errors shown are 
based on counting stati st ics and are at I CL 
Again there is a trend across all the samples analysed. Less than I % non-tritium 
beta radioactivity is retained on the 1.0 flm and 30,000 D membranes and up to 8 
% is retained on the SOD D membrane. This suggests that the majority of the non-
tritium beta radioactivity is associated with the ionic size range « SOD D). 
Samples P4/SpIlLASI and P4/4L74 showed 8 and 6 % respecti vely of non-
tritium beta radioactivity on the SOD D membrane. Samples P3/3p I/KS 38 and 
P6/ lpllL78 showed 2 and 3 % respectively. 
Once the unfiltered sample and each filtrate had been allowed to go fully aerobic 
the radioacti vity analyses showed that the majOlity of the radioactivity remained 
in the supematant. Samples P3/3pl /KS38, P3 /3pl /LAS2 and P4/4pl /L74 showed 
less than 10 % of the radioacti vity was associated with the precipitate. Samples 
P4/Sp l /LASI and P611p l/L78 showed up to 3S and 17 % of the non-tritium beta 
radioactivity was associated with the precipitate. Only one aliquot of precipitate 
was analysed per ground water sample therefore any gross errors are not easy to 
discount. However the result for the unfiltered precipitate for sample 
P4/Sp I /LASI is suspect as the radioactivity in the supernate is similar to that in 
the unfiltered sample but the total of the radioactivity in the supernate and 
precipitate far exceeds the radioactivity in the unfiltered sample. Sample 
P4/4p1lL74 shows similar characteristics to sample P4/Spl /LASI and does not 
show significant non-tritium beta radioactivity associated with the precipitate thi s 
then may indicate that the measurement is in error. The radioacti vity levels 
measured in the supernatant were frequently higher than those measured for the 
total sample. This elevation may be due to the cleaning of the matrix afforded by 
the removal of the precipitate from the so lution leading to a better counting 
efficiency. The amount of radioactivity associated with the aerobic precipitate in 
sample P6I1 pl /L78 is significant for the unfiltered, 1.0 flm and 30,000D aliquots 
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however the radioactivity in the s upernatant was much hig her than the unfiltered 
sampl e. 
Filtration Anaerobic Aerobic 
State Filtrate Membrane Supernatant Precipitate 
Unfi ltered 1.25E+2 ± 2.4E- 1 - 1.43E+2 ± 2.2£-1 1.21 E+ I ± I. l E-I 
11'01 9.94E+ I ± 1. 2E-1 6.IOE- 1 ± 1.0E-2 1.64E+2 ± 2.1£- 1 2.25E+0 ± 3.0E-2 
30,0000 I.I3 E+2±2. IE- 1 7.50E- 1 ± 1.0E-2 1.36E+2 + I.3E- 1 8.53E+0 ± 8.0E-2 
5000 1.37E+2 + 2.4E- 1 2.53E+0 ± 1.5E- 1 - -
.. 
Table (3.59): Non-tntlum beta radlOac(l vtty dl stnbu(lon (Bq dOl l) of sample 
P3/3p l / K53 8 due to fi ltration and anaerobic/aerobi c conditio n. 
Filtration Anaerobi c Aerobic 
State Filtrate Membrane Supernatant Precipitate 
Un filtered 1.97E+2 + 8.5E-1 - 1.94E+2 + 3.2£- 1 2.47E+0 ± 3.0E-2 
II'm 2.08E+2 ± 7.3E- 1 8.00E-2 ± I.OE-2 2. 18E+2 ± 2.0E-1 2.71 £+0 ± 3.0E-2 
30,0000 NM NM NM NM 
5000 NM NM NM NM 
Table (3.60): Non-tntlUm beta radlOac(l vtty dlstnbutlOn (Bq dm l) o f sample 
P3/3p l /LA52 due to filtration and anaerob ic/aerobi c conditio n. 
Filtration Anaerobi c Aerobic 
State Filtrate Membrane Supernatant Precipitate 
Unfiltered 5.43E+2 ± l.l E+O - 5.75 E+2 ± 9.6E- I 3. t5 E+2 ± 4.9E- 1 
11'01 6.31 E+2 ± 1.3E+0 5.30E- 1 ± 1.0E-2 6.73E+2 ± 3.8E-1 1. 18E+1 ± I.IE-I 
30,0000 6.18E+2 ± 1.0E+0 4.70E- 1 ± 1.0E-2 5.75E+2 ± 3.5E- I 1.60E+1 ± I.I E- I 
5000 4.90E+2 ± 9.5E- 1 3.46E+ I ± 1.5E-1 - -
Table (3.61). Non-tntlUm beta radloacttvlty dlstnbutlon (Bq dm) of sample 
P4/5p I/LA51 due to filtrati on and anaerobic/aerobi c condition. 
Filtration Anaerobic Aerobic 
State Filtrate Membrane Supematant Precipitate 
Unfiltered 4.70 E+2 ± I.I E- I - 4.96E+2 ± 1.0£-2 5.00E+ I ± 1.0E-2 
II'm 4.56E+2 ± 1.0E-2 3.00E-1 ± 1.0E-2 4.5 1 E+ 2 ± 1.0E-2 2. 15E+ I ± 1.0E-2 
30,0000 4 .77E+2 ± 1.0E-2 2.77E+O ± 1.0E-2 4.46E+2 ± 1.0E-2 1.69E+ I ± 1.0E-2 
5000 4.32E+2 + 1.0E-2 2.92E+ I ± 1.0E-2 - -
Table (3.62): Non-tntlum beta radlOactlvtty dl stnbu(lon (Bq dm l) of sample P4/4p III 74 
due to filtrati on and anaerobic/aerobic condition. 
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Filtra tion Anaerobic Aerobic 
State Filtrate Membrane Su ernatant Precip itate 
Unfiltered 7.29E+2 ± 7.1 E- I 8.30E+2 ± 4.SE-1 1.75E+2 ± 1.4E- 1 
It m 6.3SE+2 ± 6.SE- 1 6.1 3E+0 ± 2.0E-2 8.28E+2 ± 6.0E- 1 1.23E+2 ± I.SE- I 
30 ,OOOD 7. 14E+2 ± 7. IE- 1 9.70E- 1 ± 1.0E-2 8. 14E+ 1 ± 6.2E- 1 4.S2E+ 1 ± 7.0E-2 
500D 8.69E+2 ± I.2 E+O 2.57E+ I ± 2.3E- 1 
Table (3.63): N on-tritium beta radioactivity d is tribu t ion (Bg dm" ) of sa mpl e P6/ 1 p I fL 78 
due to filtrati on and anaerobic/aerobic condition. N M ~ not measured 
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3.4.S Gamma spectrometry anal ys is. 
The distribution of I37CS radioactivity due to filtration and anaerobic/aerobic 
state for the ground water samples is shown in tabl es (3.64 - 3.67). The results 
are shown graphicall y in figure (3.33) . The errors shown are based on counting 
stati stics and are at la . Due to instrumental diffi culti es the results for sample 
P3/3pl /KS3 8 are unavailable. 
1l7Cs was present in all the samples. 40K was quantifiable in sample PS/4p I /L77 
and 60CO was quantifiable in samples P611 p l /L78 and PS/4p I l L 77. The results 
show that very little t37CS radioactivity is retained on the membranes during 
filtration. Only on the SOO D membrane were there quantifiab le amounts of 
radioactivity found in samples P4/4pl /L74 and P6/1p1 /L78 which was less than 
I % of the total (unfi ltered) radioactivity. This suggests that the majority of the 
t37Cs radioactivity is associated with the ionic size fraction « SOOD). There was 
no decrease in the 60 Co radioacti vity in sample P6/ 1p 1lL78 due to filtration 
(Table 3.68) as no quantifiable radioactivity was found on the membranes « 0.3 
Bq dm-3). 
IS3 
Once the unfiltered sample and each filtrate had been a llowed to go full y aerobic 
the rad ioactivity analyses showed that the maj ority of the Il7Cs radi oactivity 
remained with the supematant and < 10 % was associated wi th the precipitate. 
The 60Co radioactivity associated w ith the membranes was less than the limit of 
detection « 26% of the radi oacti vity was retained on the membrane). Once the 
samples had been allowed to go aerobic the radioactivity di stributed between the 
supematant and precipitate however the total aerobic radi oacti vity was greater 
than the unfiltered radioactivity. 
Filtration Anaerobic Aerobic 
State Filtrate Membrane Supernatant Precipitate 
Unfiltered 4. 82E+0 ± I.4E-1 - 5.27E+0 ± 1.0E-I < 2.0E- 1 
II'm 5. 1 OE+O ± 1.4E- 1 < 2.0E-1 5.23E+0 ± 1.0E- 1 < 2.0E-1 
30,0000 NM NM NM NM 
5000 NM NM NM NM 
· I " Table (3.64). Cs rad ioactIVIty d,st nbut lOn (Bq dm ) of sample P3/3p l /LA52 due to 
tiltration and anaero bic/aerobic condition. 
Filtration Anaerobic Aerobic 
State Filtrate Membrane Supernatant Precipitate 
Untiltered 6.37E+ I + 3.9E- 1 - 6.54E+ I + 2.8E- 1 < 2.0E-1 
l)lm 6.33E+ 1 ± 3.9E-1 < 2.0E- 1 7.53E+ 1 ± 3.2E- 1 < 2.0E- 1 
30,0000 6.38E+ I + 3.9E-) < 2.0E-1 6.53E+ ) + 2.8E- 1 3.69E+0 + 9.7E-2 
500D 6.98E+ I ± 8.5E- 1 < 2.0E-1 - -
· 117 Table (3.65). Cs radIOaCtiVity d'stnbut,on (Bg dm ) of sample P4/Spl /LAS I due to 
tiltration and anaerobic/aerobic condition. 
Fi ltration Anaerobic Aerobic 
State Filtrate Membrane Supernatant Precipitate 
Untiltered 4.27E+ I + 0.35 - 4.26E+ I + 2.4E- 1 4.72E+0 + 6.0E-2 
l)lm 4.1 8E+ I ± 0. 34 < 2.0E-1 4.30E+ I ± 2.4E-1 2. 17E+0 ± 6.0E-2 
30,0000 4.22E+ I + 0.35 < 2.0E-1 4.24E+ I + 2.4E- 1 8.80E- 1 + 6.0E-2 
500D 4.23E+ I ± 0.39 2.40E- 1 ± 1.2E-1 - -
· IJ/, 
-" Table (3.66). Cs radIOactivity d,stnbulJOn (Bq dm ) of sample P4/4p JlL74 due to 
filtration and anaerobic/aerobic condition. 
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Filtration Anaerobic Aerobic 
State Filtrate Membrane Supematant Precipitate 
Un filtered 1.60E+2 + 6.5E- 1 - I.S9 E+2 + 4.3E- 1 < 2.0E-1 
1,lm I.S6E+2 ± 6.6E-l < 2.0E-l I.S6E+ 2 ± 4.3 E- l 1.1 3E+ 1 ± 90E-2 
30,0000 I.S7E+2 + 6.4E-1 < 2.0E- l I.S6E+2 + 4.3E- l 3.36E+0 ± 6.0E-2 
5000 I.S7E+2 ± S.SE-I 6.S0E-l ± 3.2E+ I - -
1J7 .; , Tabl e (3.67) . Cs radlOaCtIVily d, stn butlOn (Bq dm ) of sample P6/ J p I/L 78 due to 
filtration and anaerobic/aerobic condition . 
Filtration Anaerobic Aerobic 
State Filtrate Membrane Supematant Precipitate 
Unfiltered I.27E+O ± I.SE- l . 1.0 I E+O ± 7.9E-2 2.4SE+0 ± 6.1 E-2 
Jllm I.ISE+O ± 1.4E- 1 < 3.0E- 1 l .07E+0 ± 9.SE-2 1.17E+0 ± S.2E-2 
30,0000 l.32 E+0 ± 1.4E- l < 3.0E-l 9.S9E-1 ± 9.4E-2 3.02E-l ± 4.1 E-2 
5000 l . l4E+O + 3.SE- l < 3.0E-l - -
Table (3.68): 6OCO radlOactlvily d,stnbutlOn (Bq dm 3) of sample P6/ lpl /L78 due to 
filtration a nd anaerobic/aerobic condition. 
NM = not measured 
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(d) Sample P6/ Jp JIL78. 
3.4.6 lon-exchange experiment. 
Separate aliquots of ground water samples P4/4pI IL74, P6/J pl / L78 and 
P5/4p l /L77 were passed through strong cati on and strong anion exchange resins 
to determine the distribution of gamma, non-tritium beta and alpha radioactivity 
between charged or uncharged species in the samples. The resul ts are shown in 
tables (3.69 - 3.72) and in fig ure (3.34). The counting effi ciencies ca lcul ated fo r 
fi 137C d .oK fi h . d I . . ' gamma spectrometry or s an or t e reSIn an so ut IOns are gIven In 
table (3.73) below. 
Nuclide 
Counting Effi ciency 
Anion resin Cation resin Solution 
'''Cs 1.54 1.50 1.1 6 
,vK O. 10 0. 10 0.58 
I '+0, Table (3 .73). Counting efficlencles for Cs and K fo r gamma spectrometry. 
The I37CS radioacti vity results are shown in table (3.69) and figure (3 .30a) and 
show the same trend fo r all three samples. Most of the radioacti vity passes 
through the anion exchange column, up to 15 % is retained on the column. Most 
of the radioactivity is retained by the cation exchange column, < 8 % passes 
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th ro ugh. The radioacti vity retained on the cati on exchange resin is greater tha n 
100 % of the o ri g inal rad ioacti vity. Thi s difference arises due to errors in the 
counti ng efficiency detelmined for the change in counting geometry. 
The 40 K results are shown in tab le (3.70) and fi gure (3.30b). Only sample 
P5/4p1 /L77 contained quantifi able levels of 40K radioactivity. The results show 
that there is - 9 and - 20 times more rad ioacti vity in the anion and cation resins 
respectively in comparison to the o ri ginal radioactivity. Thi s must arise from a 
low counting effi ciency calcul ated from the resins and the relati vely low count 
rate. However there was 96 % of the original radioacti vity in the anion eluent and 
a less than value in the cati oni c eluent indicating that most of the 40K 
radioacti vit y passes through the anion exchange res in . 
The gross alpha radioacti vity results are shown in table (3.7 1) and fi gure (3.30c). 
Groundwater samples P4/4p 1IL74 and P6/ 1 p llL78 both showed that < 20 % of 
the ori ginal rad ioacti vity passed through the an ion exchange resin . The cation 
eluents showed 176 and 35 % alpha radioacti vity for samples P4/4pl /L74 and 
P6/ 1 p l /L78 respectively. The increase in radioacti vity in sampl e P4/4p 1IL74 
could be due to cleaning of the matri x leading to improved counting effi ciency. 
Th e low radioactivi ty in the cation eluent fo r sample P611 p 1/L78 could simply be 
due to the low count rate of the sample and the radioacti vity levels detected are 
close to the limit of detection. The results for sample P5/4p1lL77 show elevated 
results in both the anion and cation eluent 220 and 189 % of the original 
radioactivity respecti vely. The elevated radioacti vi ty may be due to cleaning of 
the matri x as for sample P4/4p 1IL74 . The results indicate that either half o f the 
radioactivity passes through the anion resin and half through the cati on resin or 
that the alpha radioacti vity is associated with uncharged particl es in solution 
which will be retained by neither resin . 
The gross non-tri tium beta results are shown in table (3.72) and fi gure O.30d). 
The results show that there is a slight increase in the rad ioactivity detected in the 
anion eluent in comparison to the ori ginal radioactivity this could be due to 
cleaning of the matri x leading to increased counting effi ciency. T he anion eluent 
shows 104, 11 0 and 120 % of the origina l rad ioactivity fo r samp les P4/4p1 /L74, 
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P6/ lpJ /L78 and PS/4pl /L77 respectively. The cation eluents show 7, 12 and 5 % 
of the original radioacti vity for samples P4/4pl /L74, P6/ 1p 1/L78 and 
P5/4p1 /L77 respecti vely. The results show that most of the non-tritium beta 
radioactivity passes through the anion res in and is retained by the cation resin. 
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3.4.7 Identification ofradionuclides. 
(a) Gamma Spectrometry 
Aliquots of samples P4/4pIlL74, P6/lpl/L78 and P5/4pIlL77 were analysed by 
gamma spectrometry using a more sensitive detector. The peak energies detected 
in each sample are shown in table (3.74). Samples P4/4pl/L74 and P6/lpllL78 
both showed peaks which were identified as 2JOPb and 212Pb or Bi in addition to 
the peaks due to 137Cs. Sample P5/4pIlL77 showed numerous peaks most of 
which have been identified as radionuclides from natural decay series e32Th, 
238U and 235U). AJI data provided by Prof. H. RendaJl, Geography Department, 
Loughborough University, except where indicated. 
Peak energy P5/4p1lL77 P4/4pl1L74 P6/1p1lL78 Isotope Decay 
(keV) identified chain 
6.4 j 
8.1 ,; 
12.9 j 
15.5 ,; 
16.1 ~ 
18.9 ,; 
29.4 ~ 14uBa 1I2OJ 
32.1 ,; ,; ,; "'Cs 
36.3 ~ ,; ,; I"CS II"J 
37.1 ,; 
46.4 ,; ,; ,; 'luPb "'u 
57.7 ,; 
74.8 ,; ,; --I wPbor "'Th 
Bi [1281 
77.0 ,; --I 
" 
~'~Pb or "'Tb 
Bi [1281 
87.1 ,; Bi 1'''1 
89.9 
---I Ri [I"J 
93.2 ,; "'Th or "'Pu I"'J 
99.5 ,; "'Ac "'Th 
104.7 ,; 
105.5 , mEuIl"J 
108.6 
129.0 , uSAc ""Th 
154.0 "'Ra mU 
209.0 
---I u'Ac "'Th 
238.9 ,; "'Pb mU 
270.4 --I aKAc or "'Thor 
223Ra 2JlU 
295.7 ,; "'Pb or ""Tl mU 
328.4 
---I aKAc "'Th 
338.8 ,; "'Ac or "'Tb or 
223Ra 21SU 
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352.4 -,.j mpbor '3'U or 
211Bi 23SU 
410.0 -,.j ·"Ac "'Th 
463.7 
" 
'''Ac "'Th 
610.3 ..J ···Bi "'u 
662.6 
" " " 
"'Cs 
Table (3.74): Gamma emlttIllg radlOnuclides identified by gamma spectrometry. 
" = peak detected 
Cb) Alpha spectrometry [125]. 
Sample P5/4pl/L77 was analysed by alpha spectrometry. Sources were prepared 
by electroplating following iron removal. The peaks found were those of 238U 
and decay products from 233U. The proposed decay scheme is shown in table 
(3.75). 
Radionuclide Mode of decay Energy (meV) Daughter 
radionuclide 
,jju 
a 8.433 '''Th 
'''Th a 4.690 '''Ra 
u'Ra u'Ac 
"'Ac a 5.830 "'Fr 
ulFr a 6.341 211At 
"'At a 7.068 ""Th 
"'Th a 5.340 '''Ra 
u4Ra a 5.680 22URn 
"uRn a 6.280 ,1OpO 
""Po a 6.779 
Table (3.75): Proposed decay scheme for the radlOnuchdes Identified III sample 
P5/4pl/L77. 
Although the decay series suggested fits well with the peaks found the isotopes 
identified do not correlate with those identified by gamma spectrometry. Isotopes 
identified by gamma spectrometry were those originating from 232Th, 238U and 
235U decay series. The discrepancy may be due to incorrect calibration of the 
alpha spectrometer which would lead to incorrect assignment of the alpha peaks. 
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3.5 DISCUSSION AND RELATED WORK IN THE LITERATURE 
3.5.1 Sampling and field measurements. 
The sampling procedure was adapted to ensure the samples were as 
representative as possible of the trench groundwaters. The ideal situation would 
be to perform all measurements in the field as the very act of sampling will 
change the characteristics of the water as it is no longer in equilibrium with its 
surroundings. Pre-purging of the canisters allowed more time for pumping and 
stabilising ofthe measured conditions leading to a more representative sampling. 
The field measurements show large variations in the Eh, conductivity and iron 
content for the three samples taken from standpipe P3/3p I. These differences 
illustrate the effect of seasonal variation on the groundwater conditions within 
the standpipes. A hot summer can lead to less groundwater and therefore a higher 
iron content although no change in the head of water in the standpipe was 
observed. The two samples taken from trench 4, P4/5pl/LA51 and P4/4pllL74 
show very similar field measurements even though the samples were taken 3 
months apart. This may just be coincidence or may indicate good connectivity 
within the trenches. Each groundwater sample taken is unique due to variations 
in the sampling procedure, seasonal changes and chemical changes due to the 
degradation of the waste therefore each sample offers a snapshot view of the 
trench groundwaters. The field measurements are taken to ensure that the 
groundwater samples taken are representative of the trench groundwater 
indicated by the stabilisation of the field measurements. They are also monitored 
to ensure continuation of the anaerobic state of the sampled waters. 
The conductivity, DOC, Eh, pH and iron content measurements of the Drigg 
groundwater samples lay between 150 - 950 ~S cm-I, -0.4 - 2.4 mg dm·3, + 7.0-
140 mY, 6.8 - 7.2, and 2 - 55 ppm respectively at the time of sampling. These 
values indicate that the Drigg groundwaters contain medium to high TDS (165 -
1100 mg dm·3), they are pH neutral and reducing (see section 2.3). The 
groundwaters are low in DOC. This could indicate that there is microbial 
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radioactivity and the degradation of organic waste is occurring. The corrosion of 
iron and other metals would also lead to low DOe and low Eh. The iron content 
is < 30 % of the TDS. The production of an orangelbrown precipitate confirms 
the presence of iron and indicates that Fe(III) is formed during the oxidation of 
the groundwater samples. 
The literature details many sampling regimes for the purpose of characterising 
the colloid content of natural groundwaters [13, 15,35,40,101, 114, 117, 130-
139]. 
Sampling is often performed anaerobically to preserve the groundwater 
conditions [15, 101, 131 - 133, 137, 140] and under low-flow conditions [101, 
117, 141]. Low-flow sampling is preferable to traditional bailing methods [142, 
143] which can result in colloid populations 10 to 100 times greater than the in-
situ colloid population [109]. Low-flow sampling procedures, where the 
groundwater ingress rate is greater than the sampling rate, will minimise the 
disturbance of stagnant waters in the well casing and the potential for 
mobilisation of particulate or colloidal matter that could lead to the production of 
artefacts [144, 145]. Purging times can be reduced by the placing of a balloon 
beneath the pump to prevent the disturbance of particulate and colloidal matter 
that lies at the bottom of the well casing [109, 130]. Nilson [146] and Powell 
[147] discuss further the advantages and disadvantages of sampling techniques. 
An advantage of low-flow sampling techniques is that it allows in-line 
monitoring of the groundwater conditions such as pH, Eh, conductivity, 
temperature, DOe and turbidity. Most sampling regimes monitor a combination 
of the above parameters to determine the optimum time for collection of the 
sample [101, 130, 131, 137, 143, 148, 149]. Puis et at. noted that the most 
sensitive parameters were Eh, DOe and turbidity [110]. Turbidity was deemed 
the most sensitive parameter by Backhus et al. as the other parameters had 
stabilised before the turbidity [109]. 
The maintenance of the in-situ ground water chemistry during storage and 
transport is an important issue to prevent the creation and loss of colloids [143]. 
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Laaksohmju et al. noted that the storage and transport of ultrapure water seems to 
generate colloids [150]. Chen et al. also noted that stirring caused an increase in 
particle size and light scattering [151]. An increase in bacteria was also noticed 
in stirred waters. Changes to the groundwater chemistry can cause coagulation of 
the colloids or precipitation of colloids that were not present in the in-situ 
groundwater [109]. Exposure to the atmosphere must be avoided, especially for 
anoxic groundwaters [116]. The sampling temperature must be maintained 
during storage as an increase can lead to an increase in the colloid coagulation 
rate (and ultimately settling rate) and an increase in microbial growth which in 
turn can impact on colloid degradation, aggregation etc [151, 152]. 
3.5.2 Confirming the presence of colloids. 
The anaerobic state of the groundwaters was preserved for a time after sampling. 
The membranes used for population and elemental analysis were filtered within 
24 hours of the saIllple being taken at the Drigg laboratories thus limiting the 
effects of transport on the colloids. 
The particle size results show that there is a dynaIllic range of particle sizes 
present in the groundwater saIllples this may indicate that colloids may have the 
SaIlle composition as the larger particles. The colloids can be produced by 
erosion of the larger particles and host environment and larger particles can be 
produced by aggregation of the smaller particles. The average size of particles in 
the groundwater saIllples were less than l~m indicating colloids were present. 
Approximately 40% (by volume) of the particles were below IJ.lm diaIlleter 
however this technique is biased towards the larger particles. Thus the number of 
smaller particles greatly exceeds the number of larger particles. 
PCS and other light scattering techniques are often used to observe colloids [83, 
110, 133, 134, 153 - 157]. Its advantages are that it is a non-destructive method 
and sample preparation is minimal [158]. This technique provides information on 
the size distribution of suspended particles and is excellent for the sub-micron 
range of particles however the sensitivity decreases rapidly for very small 
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particles « lOO nm) [40]. PCS loses sensitivity when a large range of particle 
sizes is present as small particles will become masked by larger particles [114]. 
Fractionation of the particle sizes reduces this effect although increases sample 
handling time and increases chance of introducing artefacts [152, 158]. Other 
disadvantages of the method are that the shape of the particles cannot be 
determined and the measured size of irregularly shaped particles may be larger or 
smaller than actual. Also in natural groundwaters the particle population is often 
low making reproducibility difficult [158]. Ledin et al. estimated colloid 
population by calibrating instrument response with known concentrations of 
commercial colloids [152]. Weiner et al. discuss the "uses and abuses" ofPCS in 
more detail [159]. Other techniques used for particle size analysis are 
photosedimentation [155, 160, 161] and the Coulter counter [162]. 
There were many problems associated with the filtration process. The pore sizes 
on the I~m membranes were irregular allowing through particles greater than 
I flm however these were disregarded in the counting process. Small particles 
that should have easily passed through the pores of the membranes were 
observed on the membrane surface these were probably present in the thin film 
of water remaining on the membrane after filtration. However some small 
particles formed aggregates on the membranes due to attractive forces. Filtration 
of large volumes also caused clogging of the pores also reducing the number of 
smaller particles passing through the membranes. 
In the literature the most prevalent method for isolation of colloids is by 
ultrafiltration [15, 23, 101, 131, 132, 137, 139, 143, 163, 164] cross-flow 
diaultrafiltration [14, 116, 117, 165], tangential flow ultrafiltration [119, 133], 
Cascade ultrafiltration [140], field flow fractionation (FFF) (166], sedimentation 
FFF [167] and centrifugation were also used [168, 170, 119]. One of the major 
problems of the ultrafiltration process is fouling of the membrane and 
introduction of artefacts [23, 151]. Soaking of membranes can remove organic 
coatings but can release particles into the sample [151). High flow rates can 
cause retention of colloids by coagulation onto the surface rather than size 
exclusion [137, 132] whereas low flow rates can lead to coagulation of colloids 
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in the filtration cell [151]. It has been noted that often particles which are smaller 
than the pore size are found on the membranes [164, 132] and that particles can 
aggregate during the drying process [168]. Washing of membranes after filtration 
has been widely adopted to reduce the formation of artefacts such as salt crystals 
during the drying process [14, 15, 131, 143]. 
The colloid population was calculated as lying between 8 x 109 and 6 x lOll 
colloids per dm3• The difference in the colloid population for the two samples 
taken from standpipe P3/3p 1 could be attributed to seasonal variation. However 
it would be expected that the population in sample P3/3pIlLA52 would be higher 
as the sample was taken in the autumn. The amount of water within the trench is 
likely to be lower during the summer leading to a higher population. The low 
population in sample P3/3p I1LA52 is most likely due to the incomplete analysis 
ofthe sample due to its instability. 
The errors associated with the calculation were> 60 % at 2a. The errors did not 
reduce with the increase in the number of pictures taken. Only rigorous analysis 
of many different areas of more than one membrane would give more confidence 
in the population analysis although as SEM analysis is time consuming and 
expensive there would have to be careful consideration to balance the cost and 
time spent to get a result which may not be any more reliable. There was an 
element of operator bias as the distribution of colloids on the membrane was not 
uniform then the pictures taken tended to be of areas of high colloid population. 
Operator bias was reduced to some extent in the analysis of sample P4/4pIlL74 
and P6/1pl/L78 where areas of membrane were taken at random. 
Washing of the membranes lead to no significant difference in the colloid 
population for samples P4/4pIlL74 and P6/1pl/L78. there was some suggestion 
of a lower population on the washed membranes but with errors of over 89 % at 
2a the effect is negligible. There was no real evidence of salt crystals forming on 
the membranes which would lead to an artificially high population count. The 
preparation of the membranes for analysis must be kept to a minimum and the 
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washing of the membranes would increase the change of introducing artefacts 
into the system. 
Analysis of the membranes by SEM was time consuming and difficulties arose 
from charging of the membrane leading to poor focussing and damage of the 
membrane caused by the electron beam. Environmental SEMs (ESEMs) now 
have the function to analyse damp membranes which will reduce 
damage/alteration of the colloids by the drying process. 
Although there was difficulty focussing the image at high magnification it is 
clear that the colloids were present on the membranes as both single particles and 
aggregates. Most colloids were seen as smooth round particles. Zanker et al. 
noted that iron (hydr)oxide colloids were composed of smaller units [132]. Buffie 
et al. noted that the smaller colloids could be orders of magnitude higher than the 
larger particles and therefore coagulation kinetics would be much faster for the 
smaller colloids [169]. Ledin et al. noted that colloidal size was dependent upon 
flow rate of sampling and showed some seasonal dependence, the particle size 
distribution being smaller and narrower in spring and larger and wider in the 
autumn [152]. Bacteria may have been identified on the membranes however 
there was no evidence of the formation of salt crystals on any of the membranes 
and none identified by EDX analysis. No seasonal variation in the shape/ size of 
the colloids was noted. 
Ideally the samples would be filtered in the field as part of an in-line filtration 
procedure. There was difficulty in determining whether the colloids were present 
as aggregates in the groundwater or whether aggregates were formed as a result 
of the filtration process either due to concentration effects during filtration or 
aggregation on the surface of the membrane. Direct observation of the colloids in 
the groundwater would be ideal although current techniques available do not 
cater for this size range. 
Electron microscopy (SEM and TEM) has been used extensively in the literature 
to observe colloids [14, 15,40,83,132,133,139,143,158,170]. The technique 
however is limited in several respects. The resolution of the instruments mean 
that observation is limited to particles greater than - 40 mn. The analysis is also 
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objective as the operator must distinguish between colloids, membrane defects 
and artefacts [15, 170]. Evaporation onto a metal grid for TEM analysis requires 
pre-concentration of the colloid population which can lead to aggregation of the 
colloids or the introduction of artefacts [170]. Ledin et al. discuss the limitation 
of SEM in more detail [83]. 
Table (3.75) details the colloid population (particles per litre), colloid 
concentration (weight per litre) and particle size distribution for the Drigg 
groundwaters as compared to those found in the literature. 
3.5.3 Identifying colloid composition. 
Techniques used in the literature to identify colloidal composition and 
morphology are SEM [83, 133, 162, 176], TEM [131, 162, 177], Atomic 
Absorption Spectroscopy [131,143], ICP-AES [40, 110, 133], XRD [143,152], 
FTIR [152], zetapotential [134, 143, 178], and XPS [179]. However the most 
commonly used method was SEM-EDX [110, 117, 131, 134, 143, 152, 162, 
178]. Often these techniques are used in parallel. 
The particles within the groundwater samples were found to carry a net negative 
charge at the given pH and Eh values. Silica, manganese oxide and the clays 
minerals kaolinite and montrnorillonite have low PZC « pH 5). Bacteria and 
humic and fulvic acids are also negatively charged at neutral pH values (See 
section 1.9.3). Alumium and iron (hydr)oxides tend to have higher PZC generally 
in the region of pH 7 - 8.5 although natural hematite has a lower PZC (- 5 - 6) 
due to the substantial amount of silica present [113]. 
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-- --------------------------------------------------------------------------
Type of water [reference] Concentration Concentratio Size range 
(number dm-3) n (J-lm) 
(mg dm-3) 
Trench groundwater, Drigg, Cumbria [This study] 8xlOY-6xI0" lOO <2 
Aquifer, Gorleben, Germany [148] 3 x lO" 
Aquifer, GorIeben, Germany [171] _1015 
Grimsel Test Site, N Switzerland [141 _1010 
Shallow glacial sand aquifer, UK [133] 2 x 109 - 8 x J(YO (PCS) 
2 X 109 - 3 x 1010 (SEM) 
Coastal plane phreatic aquifer, Israel [13] 1-40 
Mississippi river system, USA [155] 0.26-0.48 
Koongarra uranium deposit, Australia. fl141 2 x 107 - 6 x 10" 
Karstic aquifer, Noiraigue Spring, Switzerland [136] 10'u 0.5 -10 0.5-60 
Glacial sand groundwater, Gorleben, Germany f 121] 5 xlO" 
Rhine river water samples, Birsfleden, Basle, Switzerland [401 0.05 - < 3 
El Berrocal site, Sierra de San Vicente, Spain [172] 10"-1012 
Sandstone borehole, St. Bees, Cumbria [108] lOY « 100mn) 
Sellafield, Cumbria, UK [173] 109_1010 
Granitic groundwater, Grimsel Site Switzerland [174] 4 x 109 
Granitic groundwater, Grimsel Site, Switzerland fJ41 6x I<Y' -4x IQlo 0.1 0.04-1 
Groundwater, Markham Clinton, UK [175] 0.04-1 
Table (3.75): CollOid populatIOn, concentratIOn and PSD for vanous groundwater samples. 
On exposure to the atmosphere the Eh of the groundwater samples rises from up 
to + 140 mV to + 400 mV indicating that the groundwaters have changed from 
reducing to oxidising. The particle size results indicate that the anaerobic to 
aerobic change is complete within 200 minutes when the groundwater samples 
are exposed to the atmosphere at room temperature. The particle size results 
indicate the production of larger particles in the samples by aggregation and the 
subsequent sedimentation of these particles. The groundwater samples produce 
about 1 g of orange-brown precipitate per litre of water which is in agreement 
with the total dissolved solids calculated from the conductivity of the 
groundwaters. SEM-EDX and XRD analysis of the precipitate indicates that it is 
iron based and amorphous. Iron is redox sensitive and pH sensitive and is present 
in significant quantities within the groundwater samples (up to 50 ppm) [143]. 
When exposed to the atmosphere the iron within the groundwater samples 
becomes unstable and precipitates as an oxide [137,180]. No precipitate forms in 
the < 500 D filtrate indicating that the iron is colloidal in the anaerobic 
ground water. The UV spectra of the anaerobic groundwaters indicate that the 
iron in the groundwaters is not present as iron (Ill) and also shows there is no 
free humic acid present. 
Iron (hydr)oxides can adsorb significant amounts of contaminants even at low 
concentrations of iron [113, 181, 182]. In soils and sediments iron originally 
exists as Fe(II) and gives rise to soluble Fe(II) species in solution which are more 
mobile than Fe(Ill) species under pH conditions normally found in soils [179, 
182]. Kaplan et al. noted the presence of dissolved mineral phases at the 
Savannah River Site as > 80 % of silicon and aluminium passed through the 3000 
D membrane [130]. Iron (hydr)oxides contain impurities which can either adsorb 
to the crystal surface or be incorporated within the crystal structure. Divalent 
cations can occupy both positions whereas trivalent cations tend to be 
structurally incorporated. Aluminium and silicon have been found to occupy 
lattice positions which is confirmed by the inability to remove impurities without 
dissolution of the iron (hydr)oxide itself. Poorly crystalline iron (hydr)oxides, 
such as fenihydrite and feroxyhite, are stabilised by adsorption of inorganic and 
organic ions which inhibit further crystalisation. The presence of silicon and 
aluminium leads to the preferential formation of ferrihydrite. Degueldre et al. 
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noted that colloids contained in water from the Grimsel Test Site were mostly 
composed of silicon, iron and aluminium [35). 
Stipp et al. noted that Fe-oxides could be as discrete particles or as coatings of 
grains of quartz, clay or other minerals and XPS provided evidence for Fe-oxide 
(ferrihydrite) coatings on quartz [179). Atteia [136) and Ledin [152) also noted 
that natural colloids were coated by Ca, Fe-, AI-, and Mn- hydroxides and 
organic matter such as bacteria, humics, proteins and polysaccharides. Ryan et 
al. noted that iron (hydr)oxides can be found coating quartz grains and caused 
coagulation of clay colloids and aquifer material by charge reversal and bridging 
[143). 
Bubbling nitrogen (and argon) gas through the groundwater samples causes the 
formation of a green precipitate. This is known as "green rust" and forms when 
the Fe(II) is partially oxidised to Fe(lII) and the resulting Fe(lII) hydroxy species 
reacts with the Fe(II) hyroxy species to form a sparingly soluble Fe(III)-Fe(II) 
hydroxy compound which contains anions such as C032-, sol- or cr [179, 182). 
The "green rust" will rapidly oxidise to form a brown iron (hydro)oxide such as 
goethite (a-FeOOH), lepidocrocite (y-FeOOH), ferrihydrite (Fe(OHh), 
feroxyhite (o-FeOOH) or a mixture of these phases. These phases will become 
more crystalline upon aging [92). Fe(II)-AI(IlI) analogues can be formed when 
Fe(II) is found in the presence of Al (Ill) hydroxy species [182J. Zanker et al. 
also noted the formation of iron and aluminium colloids with associated 
contaminants of arsenic, lead and copper during the oxidation of anoxic waters 
[132J. The co-precipitation of transition elements [137J and silica [173) with 
colloidal iron (hydr)oxides during oxidation of waters has also been noted. 
One type of colloid was identified in sample P3/3pl/K538 consisting of iron, 
silicon and calcium at approximately 50, 20 and 5 % (by weight) respectively 
and with an Si:Fe ratio of 0.4 ± 0.2. Two types of colloids were identified in 
sample P4/5pIlLA51. Type one (79 % of colloids) consisted of iron, silicon and 
calcium at approximately 40,25 and 15 % (by weight) respectively with an Si:Fe 
ratio of < 0.7. Type two was based on calcium. One type of colloid was identified 
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in sample P3/3pllLA52 consisting of iron and silicon at approximately 70 and 20 
% (by weight) respectively and with an Si:Fe ratio of 0.3 ± 0.1. Calcium was 
observed in the most colloids in the qualitative analysis although was only 
observed in 13 % of the colloids by the quantitative analysis. One type of colloid 
was identified in sample P4/4pllL74 consisting of iron and silicon at 
approximately 70 and 15 % (by weight) respectively and with an Si:Fe ratio of 
0.2 ± 0.1. The washing process caused the percentage of colloids containing 
calcium and sodium to fall from - 80% to 20 and 10 % respectively. No 
difference was found between the single particles and aggregates. Three types of 
colloids were observed on the washed membranes of sample P611p1lL78. Type 
one contained iron and silicon at approximately 60 and 20 % (by weight) 
respectively with an Si:Fe ratio of - 0.3. Type two contained iron and silicon at 
approximately 40 % each (by weight) and an Si:Fe ratio of - 1.0. Type three 
consisted of 100 % silicon particles. Type three colloids were not observed as 
aggregates. 
The SEM-EDX analysis of the colloids in the groundwater samples show that the 
major elements present are silicon and iron and Si:Fe ratios are generally less 
than I. The qualitative analyses indicate that the elemental composition is the 
same for colloids and particles isolated on the 12 f.lm, 1.0 f.lm and 30,000 D 
membranes indicating that the larger particles are produced by aggregation of the 
colloids or that the colloids are produced by weathering of the larger particles 
[178]. This is confirmed by the particle size analysis that shows a continuous 
. spectrum of particle sizes. 
There was difficulty in positively identifying organic colloids. A small colloid 
would give a low response which may be interpreted as an organic colloid or 
charging of the membrane could cause a shift in the area analysed by the electron 
beam and therefore result in a low response. Organic substances are present in 
these groundwater samples but they are most likely associated with inorganic 
colloids. 
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The washing of the membranes showed some effect on the elemental 
composition of the samples. The number of colloids containing iron and silicon 
and the Si:F e ratio was unaffected although the sodium and calcium content in 
particular were greatly reduced. This suggests that the colloids are made up core 
of silicon and iron and other elements are loosely adsorbed onto the surface of 
the colloid and are removed during the washing process. The drawbacks of the 
additional washing step are the possibility of introducing artefacts into the 
system and the possibility of removing components that are loosely attached. 
With a fragile system it is best not to include additional steps if they are not 
necessary. The washing process had no discernable effect on the colloid 
population determinations and on the core elemental compositions of the colloids 
and so therefore is not necessary for this work. 
The SEM-EDX analysis was time consuming and costly. Most of the samples 
analysed showed relatively homogeneous systems samples taken from the same 
trench or indeed the same standpipe showed significant differences. Further 
analysis of the colloids may identify more similarities between samples but 
further classification of the colloids would not be beneficial as the time and cost 
of the analysis would far outweigh the benefits. 
The literature discusses the limitations of colloidal analysis by SEM-EDX. One 
of the main difficulties is the preparation of the membranes without the 
introduction of artefacts [15] and the production of precipitate on the membrane 
due to oxidation [15] or by reaction with CO2 on exposure to the atmosphere 
[83]. Discrete particles can also form aggregates on the membrane, due to surface 
tension effects during drying, which were not inherent in the sample [179]. The 
technique is limited by the size of the particle analysed as the electron beam can 
be J iJ,m in diameter the x-ray signal may originate from other regions of the 
sample greater that the regions of the particle of interest such as the sample 
support [162]. This can be reduced by using a carbon adhesive to attach the 
membrane to the support which reduces penetration of the electron beam beyond 
the membrane as used for this work. The signal to noise ratio increases with 
particle size such that the analysis is biased towards the larger colloids. Ledin 
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[83] and Seaman [176] further discuss the limitations of SEM-EDX and reducing 
instrument and operator bias. The steps taken to reduce operator bias for this 
work are discussed previously in section (3.5.2). 
3.5.4 Radioactivity analysis. 
The radioactivity in the trenches is dominated by tritium (over 90 %) in the order 
of 103 - 105 8q dm·3 which is present as tritiated water. The gross alpha activities 
were generally less than I 8q dm·3 with the exception of sample P4/5pIlLA51. 
The non-tritium beta activities were in the order of 102 - 103 8q dm·3. The alpha 
and non-tritium beta radioactivity represented < 0.1 % and < 10 % of the total 
radioactivity. The I37CS activities were in the order of 10° - 102 8q dm·3 and 
represented < 0.6 % of the total radioactivity content. 
Three samples were taken from standpipe P3/3pl in November 1999, March and 
August 2000 (K516, K538 and LA52 respectively). The radioactivity results for 
these samples are all in the same order of magnitude however sample 
P3!3p1lLA52 shows higher tritium (- 4-5 times higher) and gross non-tritium 
beta content (- 1.5 times higher). Sample P3/3p11K538 shows gross alpha 
content at - 4 times higher than the other two samples. These differences could 
be attributed to seasonal variation. It would be expected that sample 
P3!3p IILA52 would have higher radioactivity values due to a reduction in the 
water ingress into the trenches during the summer. However the increase 
observed for the tritium and non-tritium beta radioactivity levels for sample 
P3/3p1lLA52 in comparison to the other two were not of the same order and 
there was no observed increase in the gross alpha radioactivity result. This 
indicates that seasonal changes affect the variations in the radioactivity levels in 
a more complicated way than first supposed. It is also possible that variations in 
the sampling regime at the beginning of the project may affect the compositions 
ofthe groundwater sample. 
The radioactivity levels for samples P4/5pIlLA5I and P4/4p1lL74 are in the 
same order of magnitude. The tritium and 137CS activities lie in a different order 
of magnitude in comparison to the other groundwater samples. The gross non-
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tritium beta activities for the two samples from trench 4 are - SOO Bq dm'l in 
comparison to < 200 Bq dm'l for the samples from trench 3 and> 700 Bq dm-3 
for samples P6/lp1lL78 and PS/4pIlL77. These results show that there is 
correlation between radioactivity results of within trench samples and little 
correlation between across trench samples P4/4p1lL74 and PS/4pIlL77. 
The errors quoted for the gross alpha, gross non-tritium beta and gamma 
activities are based on counting statistics only. To obtain true estimate of the 
uncertainty in the radioactivity values errors arising from weighing, volume 
measurement, instrument bias and operator bias must be considered. The largest 
contributor to the uncertainty on the value arises from sampling errors. The 
deviation of the sample radioactivity from the mean trench radioactivity. The 
calculation of a representative uncertainty is a complex and involved process and 
would require replicate measurements of many samples. The variation in the 
results for non-tritium beta radioactivity for sample P3/3p lIK.S38 (table 3.?) most 
likely indicate the true uncertainty for the radioactivity measurements of - 20 %. 
The distribution of the alpha, non-tritium beta and gamma between the different 
size fractions, "particulate" (> I ~m), "colloidal" (1 ~m - 30,000 D), "small 
colloidal" (30-000 - SOO D) and "ionic" « SOOD) followed the same trend for 
each of the samples. The majority of the alpha radioactivity was present in the < 
30,000 D fraction, half associated with the "small colloidal" (30,000 - SOO D) 
fraction and half with the "ionic" (SOO D) fraction. Up to IS % of the alpha 
radioactivity was retained on the I ~m and 30, 000 D membranes. The majority 
of the non,tritium beta radioactivity was associated with the "ionic" fraction. 
Less than I % was associated with the "particulate" and "colloidal" fractions and 
up to 8 % associated with the "small colloidal" fraction. Over 99 % of the !37Cs 
radioactivity was associated with the "ionic" fraction. 
Once the samples are aerobic the alpha radioactivity distributes between the 
supematant and precipitate. Up to 7S % of the radioactivity is associated with the 
redox sensitive particles and colloids. Similarity is shown between the two 
samples taken from trench 4, P4/SpllLASI and P4/4p1lL74, where 
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approximately 50 % of the radioactivity is associated with precipitate formed in 
the > 500 D fractions. When the samples are filtered anaerobically 50 % of the 
alpha radioactivity is associated with the "small colloidal" fraction as no 
precipitate is formed in the < 500 D filtrate it can be assumed that the redox 
sensitive colloids are > 500 D. Samples P3/3pIlLA52, P5/4pIlL77, and 
P4/4p1lL74 show up to 50 % of the alpha radioactivity associated with the redox 
sensitive colloids. Sample P6/lpllL78 shows up tp 75 % of the alpha 
radioactivity is associated with the precipitate indicating that precipitation of the 
redox sensitive colloids co-precipitates other radioactivity bearing colloids that 
would normally be stable in the sample. Sample P3/3p11K538 shows only up to 
12 % of the radioactivity associated with the precipitate and this would indicate 
that not all the colloids> 500 D are redox sensitive and are not co-precipitated 
out of solution. The majority of the non-tritium beta and 137CS radioactivity is not 
associated with the redox sensitive colloids (> 83 and 90 % respectively). 
The ion exchange results show that the non-tritium beta and 137 Cs radioactivity is 
associated with positively charged species in the groundwater samples or exist as 
cations. In the natural environment most solid surfaces are negatively charged 
therefore only negatively charged species are mobile due to the operation of 
repulsive forces. Positively charged species are immobilised due to sorption onto 
surfaces and neutral species are immobilised due to sedimentation as they lack 
the repulsive forces generated by charged particles to prevent aggregation. 
Therefore it is unusual for the non-tritium beta and 137Cs radioactivity to be 
present as mobile positive species within the groundwaters. A small organic 
complexant such as EDTA or fulvic acid may keep the ions in solution and stable 
with respect to sorption onto colloids and surfaces although the resulting 
complex would have a net negative charge. Steric effects also operate with Cs + as 
the ions are comparatively large therefore the surface charge is low and therefore 
other positive ions present in the groundwater with higher surface charge would 
preferentially sorb to colloids and surfaces. The ion-exchange resins however 
may not exchange charged colloidal material and this would indicate that the 
137Cs and non-tritium beta radioactivity is ionic as the radioactivity is clearly 
retained by the cation exchange resin. The gross alpha radioactivity results show 
that approximately 50 % of the radioactivity was associated with the "ionic" 
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fraction and the ion exchange results show some retention of the alpha 
radioactivity therefore at least 50 % of the alpha radioactivity is associated with 
negatively charged species or exist as anions in the groundwaters. 
The literature shows considerable evidence for colloid bound contaminants such 
as Eu, Pu and Co [135), Cu, Cd and Pb [116), actinides [15, 118, 148, 171). 
Kaplan, et al. noted that stronger sorbing radionuclides such as Pu and Th were 
associated with colloids and particulate material and weaker sorbing 
radionuclides such as Am, Cm and Ra were found in the < 500 D fraction [130). 
Pokrovsky et al. showed that tri- and tetravalent ions were associated with the 
colloidal and particulate material, divalent ions were partially associated and 
monovalent ions were mostly present in the dissolved fraction [137). Longworth 
[133), Tipping [114) and Ivanovich [172) noted that actinides were mostly 
present in the dissolved fraction with only partially sorption to the colloidal and 
particulate material. 
3.6 CONCLUSIONS 
• Groundwater samples collected under anaerobic conditions at Drigg over 
the period November 1999 to January 2002 contained particulate material 
with particle densities in the range of 109 - lO" particles per dm3. 
• Particle sizes existed as a continuous range of particle sizes which fell in 
the range of less than 100 nm up to 6-7 f!m with approximately 50 % of 
the population below 1 f!m diameter. 
• Analysis of the surfaces of the colloid particles using SEM-EDX revealed 
a wide range of compositions with Fe and Si being the most common 
elements seen. It is suggested that these colloids were Si02 with Fe2+ 
adsorbed to the surface. 
• SEM-EDX analysis showed that the colloids were of the same elemental 
composition as larger particles in the groundwater samples indicating a 
continuous spectrum of particle sizes of the same elemental composition. 
This indicates that either colloids were produced by erosion/degradation 
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of the surrounding geology or that the larger particles were produced by 
aggregation of the colloids. 
• Washing of the filtration membrane had no discernable effect on colloid 
population and may introduce artefacts or break up fragile colloids and 
was therefore not suitable for this study. 
• When the groundwater samples were allowed to become aerobic, orange 
precipitates formed. But no precipitates were formed in the ultrafiltrate « 
500 D) samples this suggests that Fe2+ is almost entirely associated with 
the colloidal material. 
• The Alpha radioactivity in the groundwater samples was generally less 
than 1 Bq dm"3. Around 50% of this radioactivity was colloid associated. 
• The non-tritium beta and gamma radioactivity were almost entirely in 
true solution. 
• Tritium was the major radionuclide found within the trenches by up to 
three orders of magnitude. 
• Gross radioactivity levels were relatively homogeneous within the 
trenches whereas large differences between trenches could be observed. 
This suggests connectivity within the trenches and poor connectivity 
between them (in terms of transfer of radioactivity). 
• However no such consistency was seen with "within trench" colloidal 
elemental compositions. 
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CHAPTER FOUR 
RADIONUCLIDE AND COLLOID I SURFACE 
INTERACTIONS 
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4.1 Introduction. 
There is a large amount of infonnation in the literature about the interaction of 
radionuclides and other contaminants with colloids and geological media [110, 
184 - 203]. The association of contaminants with mobile subsurface particles can 
alter the mobility of the contaminant within the environment [204]. This raises 
concerns from the point of view of nuclear waste disposal and the migration of 
radionuclides in the environment. 
The Drigg site in Cumbria is the UK's principle low-level waste disposal site. 
Recently work has been undertaken at this site to fulfil the requirements for the 
preliminary post-closure report which was published in 2002. The DRINK model 
is BNFLs risk assessment for the repository. Current research into the role of 
colloids used in contaminant migration will eventually be incorporated into this 
model. The importance of colloids as radionuclide transporters is the subject of 
much research [17, 114, 178, 205 - 208]. A similar code to DRINK is COLTRAP 
[209], which is a one-dimensional model for coupled colloid and contaminant 
transport. Mobility of radionuclides in the environment depends upon chemical 
parameters such as solubility, adsorption, complexation, and precipitation and 
also on the chemical changes generated by radioactive decay [210]. Radionuclide 
transport can also be retarded by the interaction of the radionuclides or 
radionuclide bearing colloids with surfaces [210, 211]. Therefore the interaction 
of the radionuclides with its environment is an important factor in the modelling 
of radionuclide migration. 
To model radionuclide migration the processes involved in the partitioning of 
trace elements between the aqueous and solid phases in natural systems must be 
understood [212]. The migration of radionuc1ides away from a waste repository 
is expected to be retarded by sorption onto the host rock [213] however the 
presence of colloids has been shown to enhance the mobility of radionuclides in 
the geosphere [130, 135,214 - 221]. Bogdanovich et al. describe the possibility 
of the immobilisation of Cs and Sr onto c1inopti1olite before disposal [222]. Ryan 
et al. state that proof of enhanced migration due to colloidal transport cannot be 
proved only that the contaminants were associated with the colloids at the time of 
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sampling [18]. Colloids present a large surface area for the sorption of 
radionuclides within the environment [12] and due to charge repulsion, between 
colloids and surfaces; some are mobile within natural waters. Colloids can 
become immobilised due to straining, filtration (depending upon the size of the 
pores) [8], multiparticle bridging and by surface deposition [219]. 
The term sorption is used to cover the various mechanisms by which solutes are 
removed from solution by their attachment to a solid surface present within that 
solution [223]. The main sorption mechanisms include ion-exchange, surface 
complexation, surface precipitation and incorporation into mineral structures 
although sorption is often a combination of mechanisms [224]. 
4.2 Mechanisms of sorption. 
4.2.1 Ion exchange [225- 228] 
Ion exchange is defined as a reversible chemical reaction between a solid (ion-
exchanger) and a fluid by means of which ions may be interchanged from one 
substance to another. The superficial physical structure of the solid is not 
affected [229]. The cation exchange capacity (CEC) of surfaces is the sum of the 
cations that a material can sorb at a specific pH and is dependent upon the cation 
being exchanged, the ionic strength of the pore water and the temperature [223]. 
Cresser et al. detail a method for measuring the CEC of soils by atomic 
absorption of cations displaced by ammoninm ions [24]. Sparks et al. list the 
CEC values of varying minerals. The anion exchange capacity (AEC) is similarly 
measured as the CEC [84]. 
Surfaces in natural waters exhibit surface charge (see section 1.4.3) which can be 
permanent from isomorphous substitution, or variable from the ionisation of 
functional groups depending upon solution pH [223, 230]. These charges are 
balanced by counter ions in the EDL of the surface which can exchange for other 
ions in the solution [1]. The reactions are stoichiometric ensuring that charge 
balance is observed, therefore a 2+ ion will be exchanged for another 2+ ion or 
for two 1+ ions. [231,232] note a correlation between Cs sorption and K and Na 
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desorption. Tichnor et al. predicted competition between Ca2+ and Mg2+ with 
Ni2+ [233]. Ion exchange reactions are affected by changes in ionic strength due 
to competition for available sorption sites [234,235]. 
There is some selectivity of the exchange reaction as with adsorption ions 
depending upon the hydrated radius and the valence of the ions involved this is 
discussed in more detail in section 4.7.2 below. 
4.2.2 Surface complexation (Specific sowtion) [171, 236 - 238]. 
Sorption is defined as the adherence of the atoms, ions or molecules from a fluid 
to the surface of another substance [229]. Atoms present in the bulk of the 
mineral are fully co-ordinated whereas atoms at the surface are not and so 
reaction with dissociated water gives rise to a hydroxylated surface. These 
surface functional groups can be ionised due to the pH of the solution. 
Groundwaters tend to have pH > 7 thus most surfaces in the geosphere are 
negatively charged [223]. 
Sorption by ion exchange is due to electrostatic interactions between ions in 
solution and a charged surface. Specificity exists in the fact that the charge, size 
and polarisability ofthe ion affects sorption. Sorption by ion exchange is affected 
by changes in pH and ionic strength. Sorption by surface complexation occurs by 
specific interactions between the ion and surface arising from the electronic 
nature of the ions of the surface and the electrolyte. The forces involved are 
coordination, van der Waals, and polarisation and therefore can occur 
irrespective of the surface charge [223]. Sorption by surface complexation is not 
affected by ionic strength [239]. 
Surface complexes can either be inner sphere or outer sphere [238]. Outer sphere 
complexes are formed when a water molecule lies between the bound molecule 
or particle and the surface functional group i.e. it is hydrated. Inner sphere 
complexes are formed when the molecule or particle is bound to the functional 
group itself. Outer sphere complexation is usually rapid and reversible. Inner 
sphere complexation is usually slower and is often not reversible. Outer sphere 
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complexes involve electrostatic interactions whereas inner sphere interactions 
form chemical bonds (ionic or covalent). Therefore there is a chemical difference 
between an ion bound inner-spherically and an ion of the same species bound 
outer-spherically or present in the diffuse part of the double layer [240]. Specific 
adsorption is seen as direct complexation of the ion to an oxygen atom on the 
surface [241]. Apak et al. described the adsorption of strontium to red muds by 
mono- and bidentate complexation [230]: 
-SO-SrOH (4.1) 
and (-SO)2Sr (4.2) 
where -S is a surface site. 
4.2.3 Surface precipitation [84, 242] 
This is an actual sorption process but it is difficult to distinguish between this and 
other sorption mechanisms [223]. Surface complexation is monolayer adsorption 
on a surface whereas surface precipitation is the three dimensional growth of a 
solid on a surface. Surface complexation tends to dominate at low surface 
coverage and surface precipitation dominates at high surface coverage. Figure 
4.1 illustrates metal ion sorption onto a (hydr)oxide surface. Surface 
complexation is the dominant mechanism at low surface coverage (a), as surface 
coverage increases nucleation occurs (b) and increased metal loading results in 
surface clusters (c) and surface precipitation (d). 
184 
Figure (4.1): Formation of a surface precipitate. 
Trace elements, such as Cr, Mn, Ni and Zn can form metal hydroxide precipitates 
with clay mineral surfaces reducing their bioavailabiIity [243]. Double layered 
hydroxide precipitates can be formed where aluminium is available from 
dissolution 
of the clay surface [244, 245]. Changes in the solution chemistry can cause 
precipitation e.g. when the metal is near its solubility limit [223] or in the 
presence of bicarbonate [246, 247]. 
4.2.4 Mineralisation. 
Irreversible adsorption due to mineralisation can occur [248]. Cation sorption 
onto minerals such as ilIite [249 - 251] and montmorillonite [252] shows two 
distinct sorption processes. Initial adsorption is rapid and by ion exchange onto 
reversible sites on the surface and at 'frayed edge' sites (figure 4.2). The slow 
diffusion of the ions along the 'frayed edges' accounts for the second adsorption 
process [15, 253 - 255]. Collapse ofthese frayed edges can result in the ion being 
irreversibly bound within the mineral structure. 
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Figure (4.2): Schematic diagram to show adsorption at 'frayed edge' sites. 
There is also evidence for the incorporation of metal ions into minerals due to the 
aging process, see section (adsorption surface) below. 
4.3 Desorption 
Desorption or the ease of desorption is an important factor in the modelling of 
contaminant transport. Irreversible adsorption of contaminants onto surfaces 
limits their transport in the biosphere whereas sorption onto colloids may 
enhance their mobility. The ease of desorption is dependent upon the surface and 
the adsorbed material and also upon the solution conditions, and the adsorption 
time scale. As discussed above incorporation of ions into the mineral structure 
leads to irreversible sorption. The sorption mechanism is important in predicting 
desorption. [235] noted that the sorption of Sr and Ba on clay minerals was via 
ion exchange and was largely reversible whereas the sorption of Ni and Co was 
by specific interactions and were largely irreversible. The effects of surface 
loading on desorption of Co, Cs and Sr was investigated by [256 - 258]. They 
found that desorption increased with surface loading suggesting that a small 
amount was sorbed irreversibly due to isomorphous substitution into the mineral 
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structure. Apak et al. also suggested irreversible fixation to explain the 
differences in the measured sorption aud desorption constants [230]. 
Desorption cau be affected by disturbing the equilibrium conditions. E.g. 
Desorption cau be increase by dilution [15], by chauging pH [259], ionic strength 
[260,261] or by the addition ofcomplexauts [212,262]. 
4.4 Chauges in sorption mechauism. 
The principal sorption mechauism is likely to change with time, from reversible 
to irreversible, from outer sphere to inner sphere [263]. Most authors describe a 
fast initial sorption step via ion exchange followed by a slower sorption step via 
surface complexation or diffusion into the mineral structure [264 - 266]. Elzinga 
et al. noted that different sorption sites on illite gave rise to different sorption 
mechanisms for Ni [267]. Ion exchange occurred at the plauar sites where 
permanent surface charge led to the formation of outer-sphere complexes at those 
sites. At the edge sites ion exchauge aud surface complexation occurred with the 
formation of inner-sphere complexes. 
4.5 Kd values 
The distribution coefficient (also known as the distribution ratio), RI is widely 
used concept to quautify sorption [223] aud gives a simple relationship between 
the aqueous aud sorbed species of interest for a mixture of processes such as ion 
exchange, surface complexation aud redox reactions; 
= x 
m 
v 
q 
(4.3) 
where C aud q are the concentrations of the material on the solid surface and in 
solution at equilibrium respectively. V is the solution volume and m is the mass 
of solid. The units are volume mass·] although volume surface area·] cau also be 
measured but this introduces difficulty in measuring the effective surface area. At 
equilibrium the distribution ratio becomes K.J, the equilibrium distribution ratio 
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which assumes reversible sorption [255]. Ri values assumes neither equilibrium 
or reversibility and is more commonly measured under laboratory conditions 
[223] 
The Kd concept does not consider pH and ionic strength and is, therefore, a poor 
representation of the chemical interactions between cations and surfaces if the 
experimental conditions do not approach the real ones [268]. K.J values also 
neglect the nature of the surface and its loading and the nature of the species 
present in solution [269]. The Kd concept is also not suitable for use in long-term 
predictions as it assumes that adsorption is constant irrespective of changes in the 
water chemistry and rock mineralogy [210]. Variation in the Rd value may also 
occur if the processes are not at equilibrium when the measurement is taken. 
Alexander et al. detail the limitations of K.J values and isotherms in describing 
sorption [270]. The K.J value for a particular combination of sorbate, sorbent, 
solution chemistry and temperature is applicable only if the equilibrium aqueous 
concentration of the sorbate is linearly related to the sorbed concentration [271]. 
Where the relationship is non-linear, isotherms are used to describe sorption. 
4.6 Adsorption isotherms. 
Adsorption isotherms relate the equilibrium concentration of the material that has 
the potential to be adsorbed to the adsorbed concentration of the material at a 
constant temperature. Adsorption can be described by four curve isotherms 
[272], L, C, Hand S (figure 4.3). 
The C curve represents a constant distribution between the adsorbed material 
concentration (q) and the equilibrium concentration in solution (C) [e.g. 273]. 
The L curve (also known as Langmuir isotherm) indicates a saturation of vacant 
sites on the surface, which is indicated by the decrease in the slope of the curve 
with increasing C. The S curve indicates a low affinity of the surface for the 
material in solution that increases as C increases. Then like the L curve a 
saturation point of the vacant sites is reached. The H curve is indicative of iuner-
sphere complexations where there is high affinity between the surface and the 
adsorbed material. 
188 
~----------------------------------------------------------------
q 
S-Curve L-Curve 
°0 ° c c 
q 
q 
H-Curve C-Curve 
°0 c °0 c 
Figure (4.3): The four curve isotherms. 
4.6.1 Equilibrium based adsorption models. 
(a) Freundlich equation 
The Freundlich equation is widely used to describe experimental sorption data 
[274 - 280] and takes the form 
q = (4.4) 
Where q and C are defined as above, m is the Freundlich constant and lIn is the 
correction factor. lIn indicates non-uniformity of sorption sites, as Un tends to 
unity the surface becomes more uniform. Intact and crystalline minerals have 
higher lIn values than pulverised, uncrystalline minerals [281]. The constants are 
derived empirically [223] usually from a plot of sorbed concentration (C) against 
concentration in solution (q). The Freundlich equation assumes only monolayer 
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coverage of the surface and assumes no dependence of adsorption upon the 
surface coverage and, therefore, cannot predict a maximum adsorption value. 
The distribution ratio, Ri, can be calculated from the Freundlich isotherm using 
the equation: 
= 
mC(lIn)-l (4.5) 
The Freundlich equation can also be used in its linearalised form [232, 234, 256 -
258] 
Log q = log m + Vn 10gC (4.6) 
The electric field of the sorbent has been shown to become non linear at high 
cation concentrations when the EDL becomes compressed and thus the 
Freundlich isotherm fails at high cation concentrations. The modified Freundlich 
isotherm includes the effects at high and low concentration of sorbate [282, 283]. 
(b) Langmuir equation. 
The Langmuir equation is based on three assumptions, (i) adsorption cannot 
proceed beyond a monolayer coverage (ii) all sites are equivalent and the surface 
is uniform and (iii) the ability of a molecule to occupy one site is independent of 
the occupation of neighbouring sites. The Langmuir equation has been used 
successfully to model sorption [279, 284]. The equation is as follows 
q = kCb (4.7) 
(1 + kC) 
Where k is a constant related to the binding strength and b is the maximum 
amount of material that can be adsorbed per unit mass of absorbent. The equation 
assumes this model assumes that sorption is reversible and because the surface is 
assumed to be homogeneous the equation can only be used qualitatively. 
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The equation can be used in its linear form [256 - 258]: 
C/q = l/kb + CIb (4.8) 
(c) Dubanin-Radushkevich (D-R) isotherm [232. 276]. 
The sorption mean free energy, E, can be calculated usmg the following 
equation: 
E (4.9) 
Where K is calculated from the D-R isotherm: 
Inq = In b (4.10) 
where E = RT In (1 + lIC), q, C and b are defined as above, R is the gas constant 
and T is the temperature [257]. The magnitude of 8 can indicate which sorption 
mechanism is occurring [275] and can allow the calculation of the maximum 
sorption capacity, b [256]. 
The distribution ratio, RI, can be calculated from the D-R isotherm using the 
equation [280]: 
= (4.11) 
4.6.2 Mass-action models [223] 
Ion exchange processes between ions in solution and ions on a solid surface are 
often described by mass action models, for example; 
A Y+ BX+ - AY+ B X+ X (aq) + y (s) - X (s) + Y (aq) (4.12) 
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Ion exchange reactions are only considered as dominant for elements that are 
similar to one another such as Ra and Ca. These models are simplified and often 
fail to describe the observations. Multiple sites with differing selectivity for 
elements need to be incorporated. Mass action models can be incorporated into 
geochemical modelling programmes such as PHREEQE where experimentally 
determined equilibrium constants and CEC measurements can be inputted to 
determine the sorption of many ions in differing media. 
4.6.3 Surface complexation models [84, 238, 272]. 
Surface complexation models are used to characterise sorption in terms of 
chemical and electrostatic interactions [223, 285]. Solids in aqueous media are 
often charged due to the redistribution of charged species at the interface. The 
models describe the position of the sorbed ions at one or more planes in the 
interfacial region. [223] describes the basic concepts ofthe models as: 
(i) sorption takes place at specific sites; 
(ii) these reactions can be described quantitatively using mass-law 
equations; 
(iii) the charge on the surface results from the sorption reactions and 
(iv) the activities of the sorbed ions can include a contribution relating 
to the potential of the adsorbing plane. 
Surface complexation models are formulated in the same way as mass-action 
models but they include a term for electrostatic interactions by considering the 
work done in transporting ions through the interfacial potential gradient. 
The diffuse double layer (DDL), Stem and Gouy-Chapman models all describe 
the distribution of ions at an interface. Ochs et al. [286] and Amold et al. [269] 
used models based on the DDL to describe their experimental data. One major 
drawback of the above models is that ions are assumed to be point charges that 
lead to errors in the calculation of surface potentials. The surface complexation 
model is based on molecular descriptions of the double layer based on 
experimental adsorption data attained at equilibrium conditions. These models 
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consider surface charge balance, electrostatic potential terms, equilibrium 
constants, capacitances, and surface charge density. The net surface charge on a 
particle O'p is 
(4.13) 
Where 0'0 is the permanent charge on the particle due to ion exchange or isomeric 
substitution, O'is is the charge arising from inner sphere complexes and O'os is the 
charge arising form outer sphere complexes and O'p is the net proton charge (i.e. 
LW - LOB,). O'p is balanced by the charge on the ions in the bulk solution that 
surround, but do not form complexes with, the particle. The literature describes 
the use of surface complexation to model the adsorption of cations in complex 
matrices by considering the adsorption of cation with each separate mineral and 
surface and the additivity rule can be applied as long as the minerals do not react 
with each other [249, 269, 287]. Adsorption of Am and Eu onto y-alumina was 
successfully explained using the two-site complexation model and assuming the 
presence of monodentate surface complexes [288]. Ainsworth et al. used the 
DDL model with a weak site optimisation to describe the sorption of Co, Cd and 
Pb onto hydrous iron oxide [259]. 
The surface complexation models (described below) are used to compensate for 
the deficiencies of the DDL, Stem and Gouy-Chapman models. 
(a) Constant capacitance model (CCM). 
This model assumes a linear relationship between the surface charge (0') and 
surface potential ('l' 0), that all complexes formed are inner sphere and adsorption 
of anions is by ligand exchange and a constant ionic strength reference state 
determines the activity coefficient of the aqueous species in the conditional 
equilibrium constant. The balance of surface charge equation is 
(4.14) 
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[239] used the CCM to describe the sorption of Mo onto minerals assuming an 
inner sphere adsorption mechanism for the MO surface complex. 
(b) Triple-Layer model(TLM). 
Kosmulski [289], Baston [290] and Zachara [291] used the TLM to successfully 
model the sorption of cations onto mineral surfaces. This model assumes that 
only H+ and OH- ions form inner sphere complexes and that all other ions and 
ligands form outer sphere complexes. The model combines two capacitance 
layers with a diffuse layer, which contain the H+ fOH-, other metal ionslligands 
and the counter ions respectively. Both capacitance layers have a linear 
relationship between a and 'Po. Within the diffuse layer a is related to sinh'Po. 
The TLM is applicable over a range of ionic strength and the 'Po value can be 
used as an estimate of the zetapotential of the surface. The balance of surface 
charge equation is 
a = aH + ais + aos (4.l5) 
Park et al. described the sorption of Co, Cs and Sr onto volcanic tuff using the 
TLM [292]. The TLM describes three layers called the 0, ~ and (5 planes. The ° 
plane represents the interface between the solid surface and the solution. The 
~ planes extends out as far as the diffuse layer, (5 plane. The Co and Cs were 
sorbed into the 0 layer. The Sr was sorbed into the ~ layer where the effect of the 
electrostatic forces from the solid surface was weaker explaining why the Sr was 
sorbed more quickly and reversibly than Co or Cs. 
(c) Stem variable surface charge - variable surface potential (VSC-YSP) 
model. 
This model combines the CCM and TLM and assumes that H+/OH- ions and 
strongly adsorbed oxyanions form inner sphere complexes, major cations and 
anions form outer sphere complexes and that the diffuse layer balances the 
charge. There is a linear relationship between the surface charge (a) and surface 
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potential ('Po). The balance of surface charge equation is the same as for the 
TLM. 
(d) Generalised two-layer model. 
This model is similar to the CCM where all complexes formed are assumed to be 
inner sphere and the balance of surface charge equation is the same. Similar to 
the TLM and the VSC-VSP model the surface charge is balanced by a diffuse 
layer. There is a linear relationship between (J and 'Po in the first layer and within 
the diffuse layer (J is related to sinh'Po. The model assumes two adsorption sites 
for metal anions, a low number of high affinity sites and a large number of low 
affinity sites .. The balance of surface charge equation is the same as for the CCM. 
(e) One-pK Stem Model. 
This model is similar to the TLM where the H+ and OH- ions form inner sphere 
complexes and all other ions and ligands form outer sphere complexes. There is a 
linear relationship between (J and 'Po in the first layer and within the diffuse layer 
(J is related to sinh'Po. The surface charge balance equation is 
(4.16) 
A drawback of surface complexation models is that due to the number of 
adjustable parameters employed to fit the experimental data, each of the models 
can be used to fit any suitable data. These models do not include nonadsorption 
phenomena such as surface precipitation. 
4.7 Factors affecting sorption. 
Many factors affect sorption [9, 293]. They include pH, redox potential [290, 
294], ionic strength, composition and temperature of the bathing solution [230, 
282, 283, 295], competition for sorption sites, sorbate concentration, contact time 
[15] and the liquid/solid ratio. The type of sorption surface is also important 
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[223] with regard to its chemical characteristics, the particle size, ion exchange 
capacity and spatial arrangement of the sites [263]. 
Generally batch experiments [208, 248, 252, 287, 296] are employed to 
investigate the factors affecting adsorption as the conditions can be varied easily, 
although they have limitation as described by [223]. Core [297] and tangential 
flow ultrafiltration [298, 299] experiments have also been used. Techniques used 
for determination of cation concentration include X -ray photoelectron 
spectroscopy (XPS) [248], pulse polarography [124], Lro-edge X-ray absorption 
fine structure Spectra (XAFS) [300], Time of Flight Secondary Ion Mass 
Spectrometry (ToF-SIMS), X-ray Photoelectron Spectroscopy (XPS) [227], 
micro autoradiography (MAR), X-ray diffraction (XRD), electron microprobe 
(EM) techniques and synchronotron-based micro-X-ray fluorescence (micro-
SXRF) [301]. 
4.7.1 Organic components 
Organic substances can affect sorption by complexation with the aqueous ions 
and by modification of the surface by adsorption [302]. They can also take part 
in redox reactions that will control the speciation of the ion and the surface [303, 
304]. The sorption of metal ions onto mineral surfaces can be reduced by organic 
matter [213, 305 - 307]. There is evidence for competitive adsorption between 
the metal ion and organic matter for surface sites [237, 281, 299]. The desorption 
of metal ions from a surface can be enhanced by the addition of organic matter 
[297] or by the blocking or the stronger sorption sites leaving the weak sorption 
sites from which the metal ion is more easily desorbed [212]. 
Organic matter can bond with the aqueous ions forming a stable complex [303, 
308 - 310] with reduced affinity for the surface [257, 311]. Steric effects can also 
operate as the ion can no longer diffuse into inner surface sites due to the size of 
the organic-metal ion complex [312, 256]. 
The enhanced sorption of metal ions by organic substances has been noted [213, 
297,306,313]. The removal of the organic component of shale samples resulted 
196 
in a decrease in sorption [247]. Zachara et al. attributed the enhanced sorption of 
Co onto clays to ternary complexes with humic substances [314]. The humics 
created a porous structure allowing the diffusion of metal ions to sorption sites. 
The extent of organic-metal interaction depends upon the oxidation state of the 
metal which in turn will depend upon the environmental conditions [315]. The 
presence of organic matter affects the adsorption of radionuclides across the pH 
range [17, 237, 297]. Fairhurst noted that the sorption of humic acid decreased 
with increasing pH and noted that the sorption mechanism, hydrophobicity, 
solubility and conformational changes of the humic acid with pH would affect its 
sorption [309]. At high pH values humic acid is strongly dissociated and adopts a 
chain conformation to reduce electrostatic repulsion forces from the dissociated 
functional groups. At Iow pH values the humic substances are partially 
dissociated and adopt a coil formation due to intermolecular hydrogen bonding, 
this reduction in size allows more humic to adsorption onto the surface [302]. 
At Iow pH values organic matter (OM) binds strongly to the surfaces of minerals 
and hence the adsorption of radionucIide onto surfaces is enhanced due to the 
greater affinity of the radionucIide for the organic matter [304]. As pH increases 
the adsorption of radionucIides onto the surface is reduced [309] due to 
competition with the metal ion for the sorption sites [262]. 
4.7.2 Solution chemistry: 
The composition and chemistry of the solution also affects the adsorption of 
metal ions onto surfaces. The presence of other cations is important especially 
when the mechanism is ion exchange as there will be competition for the 
adsorption sites on the surface thus reducing sorption [226, 230, 234, 254, 279, 
304, 316 - 319]. The sorption of divalent ions e.g. Ba, Sr is generally affected 
most strongly by divalent ions e.g. Ca and Mg rather than monovalent ions [211, 
235, 255, 320 - 322]. Conversely the sorption of monovalent ions e.g. Cs is 
generally affected most strongly by monovalent ions such as K and Na rather 
than divalent ions [226,255,320]. 
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The reason for the ability for some ions to compete for sorption sites more 
effectively than other cations can be explained by considering the hydrated ionic 
radius of the ions. In ion exchange, the general rule is that the ion with greater 
ionic potential (z/r) will be exchanged in preference to an ion of lower ionic 
potential i.e. will suppress sorption. But the size and the hydration, rather than 
the valence, of the competing ion can also be important [257]. For example, K+ 
ions are more effective at reducing both Cs+ [256] and Co2+ [258] sorption than 
Ca2+ ion due to its smaller hydrated ionic size. [264] noted that poorly hydrated 
ions such as K+ and NH4 + caused significant desorption of Cs from sediments. 
Ohnuki et al. commented on the poor exchangeability of Li for Sr on minerals 
because of its large hydrated radii and low valence state [249]. Generally the 
closer an ion can ,!pproach to the surface the stronger the interaction with the 
surface. Thus the ion with the smallest hydrated radius can approach the surface 
more closely than those with a larger hydrated radius. Cs and K ions are larger 
and more polarisable allowing easy distortion of the hydration sphere because the 
relatively weak electrostatic field generated cannot extend much beyond the 
primary hydration shell [246]. Dutta et al. noted an increase in Sr sorption on 
montmorillonite when the sodium form of the mineral was converted to the Li 
form [323]. Similarly the sorption of Ba2+ ions was easier on the Na + form of 
clinoptilolite than on the K+ or Ca2+ forms due to the relative ease of 
displacement of Na ions. The sorption of anions onto negative surfaces can be 
enhanced by increasing ionic strength as the EDL of the surface is compressed 
and effectively screened by the ion in solution [324]. 
The presence of complexing agents can reduce sorption by stabilising ions in 
solution and can increase sorption by forming ternary complexes with the 
mineral and the sorbate [237, 299, 300, 236, 306, 325]. The reduced sorption due 
to complexation with cr ions has been noted [317, 322, 326]. Carbonates can 
decrease or increase sorption depending upon the other solution conditions. The 
sorption oftransuranics is reduced in the presence of carbonate at high alkalinites 
[327 - 330]. Sheppard et al. showed that Uranium forms positively charged oxide 
and hydroxide complexes in carbonate free solutions and forms neutral or 
negatively charged carbonate or hydroxide complexes in carbonate solution 
[297]. Goturk et al. noted an increase in sorption of Ba and Sr in the presence of 
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carbonate at high alkalinities [280] while Baston et al. found no effect under 
reducing conditions [331]. The sorption of Cs was shown to be enhanced by 
sol- ions by the formation of a ternary complex between the mineral surface and 
the Cs+ ion, ",S-S04-CS [263]. The redox potential of the solution is very 
important as this (along with pH see section 4.7.4) controls the speciation of the 
aqueous ions leading to changes in solubility, sorption behaviour and mobility 
[242,332 - 334). 
Uranium is very soluble in well-oxygenated water due to the formation of stable 
Uranyl-carbonate complexes but at low Eh potentials adsorption or complexation 
by organic matter is favoured. Pu adsorption and complexation by organic matter 
is also favoured at low redox potentials [315, 335]. Baston et al. noted that the 
reduced form of elements showed greater capacity for sorption. U and Tc formed 
charged species at higher oxidation states and neutral complexes under reducing 
conditions [290]. These neutral complexes were sorbed more readily as their 
solvation layer was not so tightly held as for a charged complex. 
Sorption onto surfaces can also result in the change in oxidation state of the 
sorbing ion. Selenite sorption onto iron oxide results in the oxidation of selenite 
to selenate and the reduction of Fe(III) to Fe(II) [336). Cr and Np have been 
shown to undergo sorption reactions with minerals surfaces [337, 338). 
Metal ions are known to form colloids in solution as well as simply binding to 
surfaces [148, 225, 339]. The subsequent sorption of the metal to the surface is 
now dependent upon the chemistry of the metal colloid. Colloids will coagulate 
at high ionic strengths due to compression of the double layer [211]. 
The presence of microbes can affect the sorption of ions by sorption onto the 
microbe surface and by producing by-products that can form stable complexes 
with the ions in solution [340). 
199 
4.7.3 Cation concentration. 
Sorption increases with increasing cation concentration [279, 295]. However 
Vilks et al. noted that increasing cation concentration had no effect on sorption 
as the concentration compared to the concentration of competing ions was 
negligible [15]. The relationship between sorption and cation concentration can 
be linear [341] or non-linear [232] depending upon the sorption mechanisms 
taking place. [256, 257] noticed that the percentage of cation sorbed and the Kd 
value remained constant with increasing cation concentration and then decreased 
sharply at a certain concentration. This suggests that there are two sorption 
mechanisms operating, ion-exchange and specific adsorption for Sr [257] and 
ion-exchange and isomorphous substitution for Cs [256]. It was also suggested 
that energetically less favourable sites for sorption became available at higher 
cation concentrations. [251] also noted the increase in diffusion from internal to 
external sites increased with increasing cation concentration. 
Increasing metal concentration will eventually lead to a saturation of the surface 
sites and concentration of adsorbed metal ion reaches a plateau [226, 258, 275, 
283, 326, 342]. Berry et al. noted the formation of polymeric U species In 
solution at high U concentrations which caused a decrease in sorption [308]. 
4.7.4 Effect of pH. 
Surfaces and colloids within natural waters exhibit surface charge that can be 
permanent or variable (See section 1.4.3). Variable charge arises from the 
ionising of surface functional groups due to the pH of the water [281]. Thus 
surface charge moves from positive to negative as pH is increased and hence the 
sorptive capacity of the surface is altered with the change in pH. At pH values 
higher than PZC, cation adsorption is generally favoured; anion adsorption is 
favoured at pH values less than PZC [343, 324]. 
The increase in the sorption of a variety of cations onto many different surfaces 
has been shown extensively [222, 230, 233, 258, 259, 295, 310, 342, 344]. This 
increase has been attributed to a decrease in H+ competition for surface sites at 
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higher pH [274, 283, 322, 230, 345]. It has been noted that the solubility of the 
different constituents of bentonite lowers the number of available sorption sites 
in acidic solutions [256, 296J. Minerals such as mordenite and bentonite can act 
as buffers over large pH ranges [283, 294J. 
Another reason for the increase in sorption is due to the speciation of the cation. 
Hydroxy species form at higher pH values and these have a greater affinity for 
the surface [257, 346J, although it is difficult to discern between adsorption and 
surface precipitation [258J. Surface precipitation is often observed at high pH 
values [345, 347J. Precipitation can occur due to the formation of barely soluble 
hydroxide [267, 282, 3171 or carbonate complexes [257, 3301. The sorption of 
anions (such as Tc04- [348J, r, Sb03-, Seol [349J Chromate and selenite [324J, 
and Mo [239, 350]) onto various surfaces showed a maximum at neutral or 
slightly below neutral pH values and decreased with increasing pH. 
Changes in pH affect the surface of the mineral, the speciation of the sorbing 
species and hence the sorption mechanism [3131. The sorption of Eu onto clay 
surfaces changes from outer sphere to inner sphere as pH increases [351]. This 
affect was also noted for Ni sorption by [352J. The adsorption mechanism ofPb 
onto montmorillonite is by ion exchange below pH 7 as the primary species is 
Pb2+. Above pH 7 hydroxy species are formed which alters the adsorption 
mechanism [211J. The same effect has been noted for Co [2581. The cation is 
unhydrolysed at low pH values but at pH 10, [Co(OH)t predominates. The 
sorption of Cs and Sr onto clinotilolite shows a strong dependency on ionic 
strength at low pH values indicating ion exchange as the dominant mechanism. 
Above pH 8 the sorption is no longer affected by changes in ionic strength 
indicating a change in sorption mechanism [222J. 
4.7.5 Liquid/solid ratio. 
It has been observed that the equilibrium concentration of metal ions in solution 
is a function of the liquid/solid ratio [289, 339J and that generally sorption and 
the Kd value increases as the liquid/solid ratio increases [186, 208, 264, 274, 
295, 307, 341, 353]. This increase in sorption is due to the increased dispersion 
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of the solid particles in the solute thus increasing the area available for sorption 
[275,280]. 
Khan et al. investigated the sorption of Cs, Sr and Co onto bentonite [256 - 258]. 
They noted that sorption increased with increasing solid concentration due to the 
increase in available sorption sites. But as the sorbent concentration increased 
further a decrease in sorption was noted. This was attributed to the increased 
competition from ions desorbed from the bentonite (e.g. Ca). It was also 
suggested that the bentonite aggregated at higher concentrations resulting in a 
decreases in surface area and hence a decrease in the available sorption sites. 
Xiangke et al. also noted a decrease in sorption with liquid Iso lid ratio [304]. 
4.7.6 Adsorption surface. 
The number of adsorption sites and the affinity of cations for a particular surface 
will govern its adsorption [233]. For example Am has a greater affinity for 
organic surfaces than Sr which has a stronger affinity for clays [298]. Clay 
minerals generally have a high sorption capacity due to their large surface 
contact surface to the groundwater and their high CECs [266]. Most surfaces 
have more than one adsorption site [326, 354, 355] and adsorption mechanisms 
can differ across the surface [296]. There are two major sorption sites that exist 
on minerals, those at the basal surfaces and those at the edge sites. Charges exist 
at the basal surface due to isomorphous substitution within the crystal structure 
and ion-exchange can occur at these sites [291]. Not all the sites on the basal 
surfaces are occupied because of repulsion from cations occupying neighbouring 
sites [281]. 
The stronger sorption sites are located at the hydroxylated Si and Al edge sites 
[271,281,291]. Sorption at these edge sites is controlled by the dissociation of 
the functional groups that varies with pH. The affinity of different metals for 
oxide surfaces is mainly determined by the metals ability to form hydroxy metal 
species: M2+ + H20 = MOH+ + H+ [251]. Ionic groups on surface can form H-
bonds with >M-OH2 or >M-OH-M on hydroxide particle [356, 306]. Ligand 
exchange reactions are also possible: S-OH + F' = S-F + OH' [240]. Modification 
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of the surface by sorption of ions or organic molecules can increase the sorptive 
capacity of the mineral [357 - 359]. 
The age of a surface is also important. The effects of aging are a decrease in 
proton adsorption, increased crystalinity and decreased surface area [266] and are 
dependent upon pH, temperature and background electrolyte. The desorption of 
metal ions from hydrous iron oxide decreased with aging as the aging process 
incorporated them into the solid by isomorphous substitution [259, 360]. Apak et 
al. noted that the irreversibility of Cs sorption onto vermiculite was due to the 
collapse of the interlayer spacing of the clay [320]. Degueldre et al. compared 
the sorption of Am onto amorphous and crystalline Si02 and found that Kd 
values were greater on crystalline Si02 [361]. 
The surface area is an important factor as this is related to the number of 
available sorption sites [274, 295, 362, 363]. Baston et al. noted an increase in 
the sorption of Ca onto gravel with decreasing particle size [353] although 
Grutter et al. noted that the effect of particle size was negligible when normalised 
for the CEe [320]. 
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CHAPTER FIVE 
REVERSIBILITY OF RADIONUCLIDE / 
COLLOID INTERACTIONS 
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5.1 Introduction. 
The reversibility of radionuclide - colloid interactions was investigated to 
supplement the analysis of the Drigg groundwater colloids. These experiments 
investigate the sorption and desorption of mono-, di- and trivalent radionuclides 
onto selected colloids. 
The experiments were performed at conductivity and pH conditions that were 
comparable to those found in the trenches. However for ease the experiments 
were performed in aerobic conditions. 
Kaolinite and montmorillonite were chosen for the colloidal surfaces as they are 
components of bentonite which is used as a backfilling material on the Drigg site 
to reduce groundwater flow into the trenches and so would be present in the 
natural groundwaters of the site. Bohemite was chosen as an example of an 
aluminium oxide. 
Cesium, nickel and cerium were chosen as examples of mono-, di- and tri-valent 
radionuclides respectively. Cesium and cerium are major radioisotopes found on 
the Drigg site. Strontium would have been used as a di-valent radionuclide for 
preference as it too is present in the trenches in significant levels but due to time 
and cost restraints nickel was used. 
5.1.1 Determination of ionic strength of electrolyte. 
Sodium chloride was chosen as a simple background electrolyte for the 
experiments. Measurements of the trench samples gave a conductivity range of 
245 - 424 and 194 - 317 /-IS cm·1 for samples P4/5pI/LA51 and P3/3pl/LA52 
respectively (August 2000). The relationship between ionic strength and 
conductivity was found to be linear for NaCI (Fisher). 
It was decided to use 0.005 M NaCl, which has a corresponding conductivity of 
360 /-IS.cm-1 as the electrolyte. 
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5.1.2 Colloid preparation and characterisation. 
All chemicals used were of analytical grade unless otherwise stated. Water used 
was nanopure deionised, distilled water. All pH measurements made were using 
an electrode and meter. Colloids were characterised using a Malvern Zetamaster 
S photon correlation spectrometer. The ultracentrifuging experiments were 
performed in polypropylene copolymer, 38 cm3 centrifuge tubes (Nalgene). 
Samples were equilibrated in a water bath at 20 DC. Ultracentrifuging was 
performed using a Beckman L55-M ultracentrifuge with a 60-Ti rotor. The 
ultrafiltration experiments were performed using an Amicon ultrafiltration cell 
(250 cm3) at room temperature and atmospheric pressure. Ultrafiltration was 
performed under nitrogen atmosphere through a 30,000 D membrane. 
Boehmite colloids were prepared from a Bacosol Disp C solution (BA 
chemicals). The solution was sonicated to ensure complete uniform suspension 
of the boehmite particles. An aliquot of this solution was added to distilled water 
and filtered through a 1.0 !-lm cellulose nitrate membrane (Whatman). The 
resulting colloidal solution was measured by PCS to ensure that the size was < 1 
!-lm. 
Kaolin (Aldrich) and montmorillonite (Aldrich) colloids were initially prepared 
by suspending solid samples in distilled water (20 g in 500 cm3) and filtering as 
for the boehmite colloids. This resulted in solutions that were too dilute to be 
used for analysis. 
It was then decided to separate the colloidal and particulate matter by 
sedimentation. Solid samples (20 g - 60 g) were suspended in de-ionised water 
(1500 cm3) in a 2000 cm3 beaker by stirring vigorously. The suspensions were 
then allowed to stand ovemight so that the larger particulate material could settle 
out. The solutions were then decanted into a clean dry 2000 cm3 beaker leaving 
the sediment behind. The solution was then stirred vigorously and an aliquot 
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removed for size analysis using the Zetamaster. This process was repeated until 
colloidal « I )lm) solutions remained. 
The concentration of the colloidal solution was determined gravimetrically by 
pipetting various aliquots to dryness in pre-weighed beakers that had been 
previously dried in a dessicator. The solutions were evaporated to dryness and 
then the beakers were dried in a dessicator before re-weighing. 
The colloidal solutions were then made up to a known concentration in O.OOS M 
NaCI (Fisher) and then pH adjusted to 7.0 ± 0.2 using HCI and NaOH (Fisher). 
S.I.3 Somtion experiments. 
(a) Preparation of the somtion isotherm 
In duplicate, 10 cm3 aliquots of the colloidal solution were added to each 
centrifuge tube, polypropylene copolymer, 38 cm3 (Nalgene). For kaolin and 
boehmite colloids an extra 5 cm3 ofO.OOSM NaCI were added to each sample. To 
each sample was added a radionuclide spike of varying concentration. Blank 
samples were prepared of colloidal solution without the radionuclide spike and 
the radionuclide spike without colloid to determine the extent of sorption onto 
the centrifuge tubes. The centrifuge tubes were then sealed and shaken for 1 
minute. The tubes were then placed in a water bath for 24 hours at 25 GC. After 
equilibration (see section 5.1.2(c)) the samples were centrifuged in a Beckrnan 
LS-SSM ultracentrifuge with a 60Ti rotor at 2S,000 rpm for 30 minutes at 20 GC. 
Without disturbing the colloids 10 cm3 (7 cm3 for montrnorillonite samples) of 
the supematant, by weight, were removed from the centrifuge tube by plastic 
syringe. The syringe was then fitted with an Anotop 0.1 )lm, inorganic 
membrane, sterile syringe filter (Whatman). The first 4cm3 of the filtrate were 
discarded and the next two 1 cm3 aliquots were collected for counting. The 
gamma samples were counted for 60 minutes or until the counting error reached 
2 %, on a Packard Cobra II Autogamma. 10 cm3 of ecoscint was added to the 
63Ni samples, which were then counted for 20 minutes or until the counting error 
reached 2 %, on a Packard Tri-carb Liquid Scintillation analyser, model 2700TR 
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series. Also counted were an aliquot of the radionuclide spike and 1 cm3 of de-
ionised water, which served as a blank. The amount of radionuclide sorbed to the 
colloid is determined by subtraction using equation below. 
Concentration Cs sorbed (rng) ~ {[Cs x Vsl- rc x vTllCT 
(Cs x Vs] 
Where: Cs is the counts per minute per cm3 of the spike solution. 
Vs is the volume of spike added to the sample (cm3). 
C is the counts per minute per cm3 of the sample. 
VT is the total volume of the sample (cm3). 
CT is the total amount of added Cs (mg). 
5.1.4 Desorption experiments. 
(5.1) 
In duplicate or triplicate, 10 cm3 aliquots of the colloidal solution were added to 
each centrifuge tube. For kaolin and boehmite colloids an extra 5 cm3 of O.OOSM 
NaCl were added to each sample. A radionuclide spike was added to all but the 
blank samples. The centrifuge tubes were then capped and shaken vigorously for 
1 minute. The tubes were then placed in a water bath and shaken for 24 hours at 
25°C. After equilibration the samples were centrifuged in a Beckman L8-SSM 
ultracentrifuge at 2S,000 rpm for 30 minutes at 20°C. Without disturbing the 
colloids, 10 cm3 (7 cm3 for montmorillonite samples) of the supernatant were 
removed from the centrifuge tube by plastic syringe. The syringe was then fitted 
with a 0.1 /.lm syringe filter. The first 4 cm3 of the filtrate were discarded and the 
next two 1 cm3 aliquots were collected for counting. The samples were counted 
using the appropriate chaunel. Also counted were an aliquot of the radionuclide 
spike and Icm1 of de-ionised water, which served as a blank. To the remaining 
solution and colloid in the centrifuge tube is added 10 cm3 (7 cm3 for 
montmorillonite samples) of O.OOS M NaCl at pH 7.0. The centrifuge tubes were 
then sealed and shaken vigorously for I minute. The tubes were then allowed to 
equilibrate in the water bath as before. The desorption process was repeated 3 to 
4 times. To correct for the short half-life of 141Ce (32.4 days) a known amount of 
I4ICe standard solution was dispensed and was counted with each set of samples 
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and the sample results are related to that standard count. The amount of 
radionuc1ide bound to the colloid was calculated using the equations below. 
Desorption 1 is calculated using equation (5.1) above. 
Sorbed Cs (mg) = {KSlll x Vs] - rcw x V!illl] - rCm x VrmJ.l.QI (5.2) 
(Desorption 2) 
Sorbed Cs (mg) = {~x Vsl- [Cw x VlillJl- rCm x Vlillll::Eru x Vrrull..hI (5.3) 
(Desorption 3) 
(Desorption 4) [CSII) x Vs! (5.4) 
Sorbed Cs (mg) (Desorption 5) = 
lLhilll x Vsl- [Cw x VlillJl::Em x Vlillll::Em.1lYRW1-[Cill x VllliJl- [Cillj x VIDlll..hI 
Where: Cs is the counts per minute per cm3 of the spike solution. 
Vs is the volume of spike added to the sample (cm3) 
C is the counts per minute per cm3 of the sample. 
(5.5) 
V R is the volume removed from the sample after each desorption (cm3) 
VT is the total volume of the sample (cm3). 
CT is the total amount of added Cs (mg). 
The values in parentheses indicate the desorption number. 
5.1.5 Method development. 
(a) Removal and redispersion of colloids in solution. 
Calibration graphs relating UV absorbance at 300 mn to colloid concentration 0 -
1000 ppm, w/v) were constructed for the three clays. The graphs were found to 
be linear in the concentration region of interest. Approximately SOOppm (w/v) of 
the boehmite colloidal solution in O.OOSM NaCl (15 cm3 total volume) was added 
to centrifuge tubes and shaken for a few seconds. An aliquot (l cm3) was 
removed for UV measurement at 300 nm and then was returned to the sample. 
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The samples were then centrifuged for 30 minutes at 25,000 rpm. Without 
disturbing the coUoid an aJiquot (10 cm3) of the solution was removed from the 
centrifuge tube and UV measurements taken. Then 10 cm3 of 0.005 M NaCI was 
added to each tube to maintain the original sample volume. Each tube was 
capped and shaken vigorously for a minute and then a UV measurement of the 
sample was taken. The samples were then again centrifuged and the experiment 
repeated. The results for boehmite are shown in Table (5.1) below. 
Colloid Concentration ( mm, w/v) 
Sample Initial Aliquot Redispersed Aliquot Redispersed 
removed removed 
1 453 7 452 7 442 
2 457 9 463 8 445 
3 458 2 465 5 451 
4 462 5 464 7 449 
5 461 4 461 8 447 
6 461 8 464 3 451 
7 462 5 463 9 446 
8 462 5 461 10 447 
Avera~e 460 6 462 7 447 
Table (5.1): Removal and redlsperslOn of Boehmlte collOIds In water. 
These results show that there is a loss of 3% of the total colloid concentration 
due to solution removal and sedimentation due to centrifuging. This experiment 
shows that centrifuging can separate coUoidaUy bound and aqueous 
radionuc1ides and that the colloids can be redispersed in the solution. Mass 
balance is achieved by considering the errors involved in the measurement 
process. 
To ensure complete removal of colloids from the counted samples it was decided 
to add a filtration step before counting the samples. Various filters were tested 
and an Anotop O.Ij.lm, inorganic membrane, sterile syringe filter (Whatman) was 
selected, as the pore size was small enough to ensure complete removal without 
clogging. A sample ofboehmite colloids (500ppm, w/v) was prepared as above 
and then centrifuged as before. A 10 cm3 aliquot was removed using a syringe 
and the UV absorbance at 300 nm was measured. The syringe was then fitted 
with a O.Ij.lm filter and sequential 1 cm3 aliquots were measured for UV 
absorbance. The results are shown in the Table (5.2) below. 
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-rColloidl (pom, w/v) 
Unfiltered solution 10.0 
1" C1I}l 10.8 
2nd cm' 9.0 
3'd cn? 3.0 
4tncm' 0.8 
stncm' 2.3 
Table (5.2): Removal of Boebmlte colloids by filtration. 
At first it appeared that the filter was unable to remove the colloid from the 
solution as UV results showed that up to 10ppm of colloid was present. A blank 
experiment filtering O.OOSM NaCl alone showed that the filter itself was 
releasing particles into the solution that were erroneously being detected as the 
clay colloid. It was decided to take the Sth cm' for counting, as any interferences 
introduced by the filter were insignificant at this point so that if any UV analysis 
was required in the future that the interference would be minimal. The 
experiment was repeated for kaolin and montmorillonite and both colloids were 
completely removed from solution following centrifuging and filtration and were 
able to be redispersed in solution with shaking. 
(b) SOlption of radionuclide onto filters and centrifuge tubes. 
To check there was no sorption of the radioisotopes on the filters IS cm3 
solutions of each radionuclide in O.OOSM NaCl were prepared. 10 cm3 aliquots 
were sampled by syringe that was then fitted with the 0.1 Ilm filter and sequential 
aliquots of the filtrate were collected and counted. Aliquots of the original 
(unfiltered) solutions were also counted. The results are shown in figure (4.1). 
There was no significant deviation from the unfiltered activity within 3 a for Cs, 
Ni and Ce. 
To check for sorption of the radioisotopes onto the centrifuge tubes 
sorptionldesorption experiments were performed without the presence of the 
colloid. Separate aliquots ofO.OOSM NaCl (IS cm3) were spiked with Cs, Ni and 
Ce and were allowed to equilibrate in a water bath for 24 hours at 2S °C. The 
solutions were then centrifuged for 30 minutes at 2S,000rpm. 10 cm' of each 
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solution was removed and 2 x I cm3 aliquots were counted to determine activity 
in solution. Then IOcm3 of O.005M NaCI was added to each tube and the 
experiment repeated four more times. The equilibration time for the final 
experiment was 72 hours. The amount of radioisotope sorbed to centrifuge tubes 
was determined using equation (5.1) above and was always near 0%. 
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Figure (5.1): Effect of filtration on Cs (top), Ni (middle) and Ce (bottom) activity 
levels. 
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( c) Equilibration time. 
To determine the equilibration time for the experiments samples of kaolin and 
boehmite (500ppm (w/v), 15 cm3 total volume) and montmorillonite (189ppm 
(w/v), lOcm3 total volume) were prepared in centrifuge tubes in duplicate. Each 
tube was then spiked with one of the radionuclides and the samples were allowed 
to equilibrate in a water bath for 1, 24, 48 or 72 hours. The samples were then 
centrifuged and an aliquot (10 cm3 for kaolin and boehmite samples and 7 cm3 
for montmorillonite samples) of the supernatant was removed and filtered (0.1 
f!m). Two 1 cm3 aliquots of each filtered sample were then counted and the 
amount of radionuclide bound to the colloid was determined. An aliquot of 0.005 
M NaCl was added to each sample to maintain original sample volume and the 
tubes were then allowed to equilibrate for 1, 24, 48 and 72 hours before the 
amount of radionuclide bound to the colloid was again determined as described 
above. 
The amount of each radioisotope bound to the clay colloids in both the initial 
sorption (sor) and desorption (des) experiments are shown in table (5.3) below. 
Errors are given as 2a and arise from simple standard deviation of the measured 
activities. 
Equilibrium time (hours) 
I 24 48 72 
CsI Kaol (sor) 52.3 + 1.6 51.5+2.3 51.2 + 0.4 51.2 + 1.7 
CsI Kaol (des) 44.7 ± 1.3 41.9±9.1 46.1 ± 2.3 45.5 ± 2.7 
CsI Mont (sor) - 35.8±0.7 37.7 ± 3.8 36.4 ± 3.6 
CsI Mont (des) - 29.2 + 3.3 29.9 + 5.0 28.1 + 9.4 
CsI Boeh (sor) - 2.4 ± 1.7 <1.3 <1.3 
Nil Kaol (sor) 52.0± 1.3 59.7 ±4.0 52.4 ± 4.4 57.0± 2.9 
Nil Kaol (des) 44.1 ± 1.5 51.3±4.7 44.7 ±4.9 49.3 ± 2.3 
Nil Mont (sor) 18.9 + 0.4 19.9+3.1 19.7 + 1.1 17.6+3.9 
Nil Mont (des) 16.5 ± 0.9 17.3 ±.6 18.7 ± 1.3 15.3 ± 3.4 
Cel Kaol (sor) 91.2 ± 2.8 90.7 ±3.2 90.6 ± 3.4 90.9±3.2 
Cel Kaol (des) 91.3 ± 3.1 91.8 ± 4.3 91.1 ± 4.1 91.7 ± 2.5 
.. Table (5.3): Effect of eqUlhbnum tlme on sorptJon of Cs, Nl and Ce by kaolm, 
boehmite and montmorillonite. 
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Not all of the possible combinations of colloid and radionuclide have been 
investigated but the results strongly indicate that there is no change in the amount 
sorbed or desorbed within the timescales used and rapid sorption and desorption 
occurs within one hour. For ease 24 hours was chosen for the equilibrium time. 
Experiments with boehmite have shown that only small amounts of Cs were 
bound and this rapidly desorbed to non-quantifiable levels. 
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5.2 Results. 
5.2.1 Preparation of solutions. 
All volume measurements were by weighing using a Precisa 125A balance and 
assuming a solution density of 1 cm3 g". Details of the colloidal solutions 
prepared are given in table (5.4) below. 
Solid Solid Average particle Zetapotential (mv) 
concentration size (nm) 
(ppm, w/v) 
Kaolinite 750 545.1 ± 28.2 -50.6 ± 2.1 
Montmorillonite 189 192.0 + 24.3 -32.7 + 1.0 
Boehmite 750 488.7 ± 84.7 +52.5 ± 1.3 
Table (5.4): Clay solutlon detaIls. 
Colloidal clay solutions were prepared in 0.005M NaCl and pH adjusted to 7.0 ± 
0.2. Solutions of NaCI at varying concentrations were also prepared and pH 
adjusted to 7.0 ± 0.2. 
Solutions of radionuclides of known concentration, 137CS (Amersham), 63Ni 
(Amersham) and '4'Ce (NEN) were prepared in 0.005 M NaCI. Before starting 
the experiments various factors were investigated as detailed below. 
5.2.2. Sorption isotherms. 
(a) Cesium. 
A sorption isotherm for Cs with boehmite was constructed usmg metal 
concentrations of 7.2 x 10'7 to 5.2 X 10'9 mg cm'3. The amount of Cs bound is 
given per mg of colloid and the amount of Cs in solution is given per cm3 of 
solution. Thus a linear isotherm will have a slope equal to the Rd value (see 
section 4.5). The resulting isotherm is linear within the concentration range 
studied with an R2 value of 0.78 and an Rd value of 0.12 (cm3 mg") (Figure 
(5.2». Sorption of Cs onto boehmite is generally low, less than 10%, this is due 
in part to the positive charge on the colloids surface which repels the metal ions 
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and that no specific interaction between Cs and boehmite exists. Any Cs attached 
to the surface is rapidly desorbed (see section 5.1.5(c». These data show 
considerably more scatter than for sorption onto kaolinite and montmorillonite 
due to the low amounts of Cs sorbed. 
A sorption isotherm for Cs with kaolinite was constructed using metal 
concentrations of 1.1 x 10,6 to 5.3 x 10,9 mg cm,l. The resulting isotherm is linear 
within the concentration range studied R2 value of 0.98 and an Rd value of 2.67 
(Figure (5.3». Sorption of Cs onto kaolinite ranged from -50 - 60%. 
A sorption isotherm for Cs with montmorillonite was constructed using metal 
concentrations of8.2 x 10'7 to 7.5 X 10,9 mg cm,l. The resulting isotherm is linear 
within the concentration range studied R2 value of 0.99 and a Rd value of 2.86 
(Figure (5.4». Sorption of Cs onto montmorillonite ranged from -30 - 50%. 
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Figure (5.2): Sorption isotherm for Cs onto boehmite (500 ppm, w/v). 
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Figure (5.4): Sorption isotherm for Cs onto montmorillonite (l89 ppm, w/v). 
(b) Nickel. 
A sorption isothenn for Ni with boehmite was constructed using metal 
concentrations of 7.4 x 10.6 to x 7.8 10-8 mg cm-3• The resulting data is widely 
scattered due to the low amount of nickel sorption. A linear fit to the data gives 
an R2 value of 0.44 and a Rd value of 0.010 (Figure (5.5». Extending the 
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isotherm for higher concentrations of Ni was attempted but resulted in variable 
results frequently with negative amounts of Ni bound to the solid. This indicates 
that the errors in the measurement of Ni sorption to boehmite were too large to 
obtain meaningful results. Sorption of Ni onto boehmite is generally low, less 
than 10%, again due to repulsive forces from like charges and no specific 
interaction between Ni and boehmite. 
A sorption isotherm for Ni with kaolinite was constructed using metal 
concentrations of 4.0 x lO-z to 8.0 X 10.8 mg cm-3• The resulting isotherm follows 
a Langmuir curve and is linear below the concentration of 1.3 x 10.3 mg cm3 with 
an RZ value of 0.94 and a Rd value of 2.42 (Figure (5.6». Sorption of Ni onto 
kaolinite is ranged from -15 - 60%. 
A sorption isotherm for Ni with montmorillonite was constructed using metal 
concentrations of 7.4 x 10.2 to 9.5 X 10.8 mg cm·3• The resulting isotherm follows 
a Langmuir curve and is linear below the concentration of 6.8 x 10-3 mg cm-3 
with an RZ value of 0.99 and a Rd value of 1.37 (Figure (5.7». Sorption of Ni 
onto montmorillonite ranged from -7 - 40%. 
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Figure (5.5): Sorption isotherm for Ni onto boehmite (500 ppm, w/v). 
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(c) Cerium. 
A sorption isotherm for Ce with boehmite was constructed using metal 
concentrations of7.6 x 10'5 to 4.2 X 10'6 mg cm,3, The resulting isotherm is linear 
within the concentration range studied with an R2 value of 0.68 and an Rd value 
of 3.03 (Figure (5.8». Sorption of Ce onto boehmite ranged from -60 - 90%, 
indicating that specific interactions exist between the metal and the colloid 
surface. 
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A sorption isotherm for Ce with kaolinite was constructed using metal 
concentrations of7.5 x 10.5 to 6.9 X 10.7 mg cm·3. The resulting isothenn is linear 
within the concentration range studied R2 value of LOO and a Rd value of 23.6 
(Figure (5.9)). Sorption ofCe onto kaolinite ranged from -88 - 92%. 
A sorption isothenn for Ce with montmoriIlonite was constructed using metal 
concentrations of 1.3 x 10-4 to 5.5 X 10.8 mg cm·3. Both a curved and linear fit 
can be applied to the isothenn data. A linear fit would give an R2 value of 0.94 
and a Rd value of 304 within the concentration range studied (Figure (5.10)). 
Sorption of Ce onto montmorillonite ranged from -98 - 99%. Extending the 
concentration range of Ce would allow the true shape of the isothenn to be 
determined. 
The sorption results are summarised in table (5.5) below. Only Ce showed 
significant sorption onto boehmite although all three cations showed poor linear 
fit due to large errors in the results. Cs sorption onto kaolinite and 
montmorillonite showed similar Rd values. Ni sorption onto kaolinite also 
showed a comparable Rd value. Ce has a high affinity for clays illustrated by the 
relatively large Rd values. Ce sorption onto montmoriIlonite is particularly 
favourable. 
Solid Cation Linear best fit Rd % sorption 
parameter (cm3 mg·lt 
Boehmite Cs 0.78 0.12 < 10 
Ni 0.44 0.10 <10 
Ce 0.68 3.03 60-90 
Kaolinite Cs 0.98 2.67 50-60 
Ni 0.94 2.42 15 -60 
Ce LOO 23.6 88-92 
MontmoriIlonite Cs 0.99 2.86 30-50 
Ni 0.99 1.37 7-40 
Ce 0.94 304 98-99 
Table (5.5): Summary of the sorptIon lsothenn results. 
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5.2.3 Cesium. 
(a) Desomtion experiments. 
The % Cs bound for kaolinite and montmoriIlonite is shown in table (5.6) below. 
Boehmite was not included as there was not significant sorption of Cs as shown 
in the construction of the isotherm (see section 5.2.2). There are 3 desorption 
steps, 0 indicates the initial sorption step. The % bound is related back to the 
original amount of cation added. The errors quoted are for simple standard 
deviation arising from the replicate measurements and are at 1 (J. The results are 
shown in figures (5.11 - 5.12). 
Desorption Kaolinite MontrnoriIlonite 
% Bound Error % Bound Error 
0 62.7 2.4 33.1 3.7 
I 44.9 8.0 25.8 2.6 
2 31.3 5.5 15.2 4.7 
3 27.1 5.8 13.8 5.5 
.. Table (5.6): % Cs bound after lmtJal sorptIOn and desorptlOn steps. 
Kaolinite and montmoriIlonite show comparable % sorption values to those 
identified in the construction of the isotherms (see section 5.2.2). The results 
224 
show that there is significant desorption of the cation at each step and that the 
change in the % desorbed decreases with each desorption step. 
Tables (5.7 - 5.8) below show the actual values for the desorption of Cs from 
kaolinite and montmoriIIonite in 0.005 M NaCI. The concentration of Cs used 
was -9 x 10.7 mg resulting in concentrations of 5 x 10.8 mg cm·3 for the kaolinite 
system and 9 x 10.8 mg cm·3 for montmoriIIonite (Figures (5.13 - 5.14)). The 
errors quoted are for simple standard deviation arising from the replicate 
measurements and are at I cr. The Rd error is calculated by combining the 
solution and bound errors in quadrature. The initial Rd values (desorption step 0) 
for both kaolinite and montmorillonite systems show agreement within 3cr with 
the Rd values of 2.67 and 2.86 cm3 mg·l calculated from the isotherms 
respectively (see section 5.2.2). The Rd values for Cs desorption from kaolinite 
show no variation within 3cr suggesting that there is a constant distribution 
between the amount of cation bound and in solution. The Rd values for the 
desorption of Cs from montmoriIIonite show an increase in the Rd value with 
each desorption step which indicates that Iow amounts of Cs are bound more 
tightly and are therefore less likely to desorb. Both systems show an increase in 
the calculated errors as the number of desorption steps increases. 
Desorption [Cs] in [Cs] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg· l ) (cm'mg· l ) 
(mg cm·') (mg cm·') 
0 2.IOE-08 7. I SE-08 l.SOE-09 4.50E-09 3.40 0.32 
I 1.71E-08 S.13E-08 3.19E-09 1.01E-08 2.99 0.81 
2 l.3SE-08 3.57E-08 1.29E-09 6.94E-09 2.64 0.S7 
3 6.98E-09 3.09E-08 1.21E-09 6.80E-09 4.43 1.24 
Table (5.7): DesorptlOn of Cs from kaohmte III 0.005 M NaCI. 
Desorption [Cs] in [Cs] bound Solution Bound error Rd Error 
solution (mgmg-I) error 
(mg cm·') (mgcm·') 
(mg mg-I) (cm'mg· l ) (cm'mg-I ) 
0 6.!oE-08 1.61E-07 3.3SE-09 1.79E-08 2.64 0.33 
1 2.S4E-08 l.2SE-07 2.14E-ll 1.2SE-08 4.93 0.49 
2 1.67E-08 7.38E-08 1.88E-09 2.30E-08 4.43 1.47 
3 6.89E-08 6.70E-08 1.28E-09 2.66E-08 9.73 4.26 
Table (5.8): DesorptJon of Cs from montmonIIomte III 0.005 M NaCI. 
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Figure (5.14): Desorption of Cs from montmorillonite (189 ppm, w/v) in 0.005 
M NaCl. 
(b) Effect of ionic strength. 
To investigate the effect of ionic strength on the desorption of cations from clays 
experiments were performed on the Cslkaolinite and Cs/montmorillonite systems 
in different ionic strength solutions of NaCl. The initial sorption step was 
performed in 0.005 M NaCI. For one system the desorption experiments were 
performed by adding distilled water after the initial sorption and each subsequent 
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desorption step. The second system was perfonned with 0.005 M NaCI. For the 
third system solution of increasing ionic strength were added after the initial 
sorption and subsequent desorption steps. The resulting ionic strength of the 
samples were 0.005, 0.009, 0.04, 0.08 and 0.4 M for each subsequent desorption 
step. The % Cs bound to the clays are shown in tables (5.9 - 5.10). The errors 
quoted are for simple standard deviation arising from the replicate measurements 
and are at la. The results are shown in figures (5.15 - 5.16). 
Desorption o M NaCI 0.005 M NaCI Increasin M NaCI 
% Bound Error % Bound Error % Bound Error 
0 67.59 1.12 65.06 1.18 66.70 1.38 
1 65.61 1.55 53.61 1.54 44.65 2.70 
2 64.52 1.74 45.47 1.97 22.83 1.81 
3 64.61 1.57 39.79 1.91 13.14 1.69 
4 61.29 1.64 34.94 2.11 6.43 1.36 
.. Table (5.9): DesorptJon of Cs from kaohmte m dIfferent strength solutIOns of 
NaCI. 
Desorption o M NaCl 0.005 M NaCl Increasin 
% Bound Error % Bound Error % Bound 
0 38.93 1.15 40.43 0.68 37.20 
1 36.72 1.16 32.68 0.34 26.60 
2 35.70 0.80 28.20 1.14 13.37 
3 35.22 0.93 25.80 1.64 7.05 
4 33.97 0.83 23.65 2.05 2.72 
Table (5.10): DesorptlOn of Cs from montmonllomte m dIfferent strength 
solutions ofNaCI. 
M NaCI 
Error 
1.67 
3.85 
1.91 
0.85 
1.19 
The % Cs initially bound is the same for both clays in all three solutions 
indicating that Cs + ions are bound in preference to N a+ ions or that the 
concentration of Na + is not sufficient to compete appreciably for surface sites. 
The % Cs bound to both clays in water (0 M NaCl) shows only a slight decrease 
within the timescale of the experiment indicating that the % of Cs bound is held 
irreversibly or that equilibrium is not reached within the timescale of the 
desorption experiment (96 hours). The % Cs bound decreased at each desorption 
step for both clays in the NaCI solutions. The decrease in the % bound was more 
pronounced in the increasing ionic strength solutions suggesting that there is 
competition between the N a + and the Cs + ions for surface sites. The results 
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indicated that the Cs would all desorb from the clays in the increasing ionic 
strength solutions given time. 
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Figure (5.15): Desorption of Cs from kaolinite in different ionic strength 
solutions ofNaCI. 
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Figure (5.16): Desorption of Cs from montmorillonite in different ionic strength 
solutions ofNaCI. 
Tables (5.11 - 5.16) below show the actual values for the de sorption of Cs from 
the two clays. The concentration of Cs used was for - 5 x 10.8 mg cm) kaolinite 
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and - 9 x 10-8 mg cm3 for montmorillonite. The errors quoted are for simple 
standard deviation arising from the replicate measurements and are at I cr. The 
initial Rd values (desorption step 0) of 3.73 - 4.13 cm3 mg"l for the kaolinite 
systems and 3.17 - 3.62 cm3 mg"l for the montmorillonite systems are a little 
higher than the Rd value of2.67 cm3 mg- l and 1.37 cm3 mg-l calculated from the 
isotherm for kaolinite and montmorillonite respectively (see section isotherms). 
The Rd values for the 0 M and O.OOS M NaCl system for both clays increased 
with each desorption step and the errors associated also increased. The Rd value 
for the increasing ionic strength systems showed a decrease indicating that the Cs 
was reversibly sorbed. 
The results are shown in figures (S.l7 - S.l8). The graphs show that the starting 
point for each system is almost the same. The graphs show that the % bound for 
both clays decreases with each desorption step and decreases to a greater extent 
in the increasing ionic strength solution. The errors quoted are for simple 
standard deviation arising from the replicate measurements and are at I cr. 
Desorption [Cs] in [Cs] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm3 mg·l ) (cm3 mg- I) 
(mg cm-3) (mg cm-3) 
0 2.06E-08 8.50E-08 I.03E-09 7.45E-09 4.13 0.42 
I 8.24E-09 8.24E-08 4.IOE-IO 7.50E-09 10.00 1.04 
2 3.52E-09 8.09E-08 2.15E-1O 7.39E-09 22.98 2.52 
3 1.17E-09 8.IOE-08 2.27E-IO 7.38E-09 69.40 14.90 
4 2.52E-09 7.66E-08 4.20E-IO 6.83E-09 30.40 5.75 
.. Table (S.lI): DesorptlOn of Cs from kaohmte m 0 M NaCI. 
Desorption [Cs] in [Cs] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm3 mg·l) (cm3 mg- I) 
(mgcm·3) (mgcm-3) 
0 2.19E-08 8.17E-08 2.09E-09 6.56E-09 3.73 0.47 
I 1.45E-08 6.73E-08 1.48E-09 5.25E-09 4.63 0.59 
2 1.02E-08 5.67E-08 1.07E-09 4.2IE-09 5.55 0.71 
3 6.97E-09 4.95E-08 6.28E-IO 3.64E-09 7.10 0.83 
4 1.89E-08 1.55E-08 2.30E-09 2.46E-09 0.82 0.16 
.. Table (S.l2): DesorptlOn of Cs from kaohmte m O.OOS M NaCI. 
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Desorption [Cs] in [Cs] bound Solution Bound error Rd 
solution (mg mg-I) error (mg mg-I) (cm'mg") 
(mg cm") (mg cm") 
0 2.06E-OS 8.17E-OS 1.61E-09 2,47E-09 3.97 
1 2.0SE-OS 5.42E-08 2.2 I E-09 1.73E-09 2.64 
2 2.02E-OS 2.76E-OS S.OSE-1O 1.59E-09 1.37 
3 1.30E-OS 1.5 lE-OS 6.37E-1O 1.6 I E-09 1.16 
4 !.l4E-OS 6.94E-09 6.16E-1O 1.21E-09 0.61 
Table (5.13): Desorption of Cs from kaolinite in increasing M NaCI. 
Desorption [Cs] in [Cs] bound Solution Bound error Rd 
solution (mg mg-I) error (mg mg-I) (cm'mg'l) 
(mgcm") (mg cm") 
0 S.33E-08 1.82E-07 3. 1 SE-09 1.63E-08 3.41 
I 1.84E-OS 1.71E-07 1.I7E-09 1.6IE-OS 9.32 
2 6.60E-09 1.67E-07 6.65E-1O 1.41E-08 2S.23 
3 2,47E-09 1.65E-07 l.SOE-lO 1.45E-OS 66.55 
4 1.90E-09 I.5SE-07 3.23E-1O 1.33E-OS 83.27 
Table (5.14): Desorption of Cs from montmorillonite in 0 M NaCI. 
Desorption [Cs] in [Cs] bound Solution Bound error Rd 
solution (mgmg-I) error (mg mg-I) (cm'mg'l) 
J:m&, cm"). (mg cm'2. 
0 4.59E-OS 1.66E-07 4.S5E-1O 2.93E-09 3.62 
I 2.02E-OS 1.34E-07 4.3SE-IO 1.65E-09 6.66 
2 9.72E-09 !.l6E-07 7.9IE-1O 4.95E-09 11.93 
3 4.S7E-09 1.06E-07 6.S2E-1O 7.11E-09 21.79 
4 3.22E-09 9,73E-OS 4.23E-IO 8,55E-09 30,23 
Table (5.15): Desorption of Cs from montmorillonite in 0,005 M NaCI. 
Desorption [Cs] in [Cs] bound Solution Bound error Rd 
solution (mg mg-l) error (mg mg-l) (cm'mg'l) 
(mgcm") (mg cm") 
0 5.7E-OS 1.8E-07 I.SE-09 LSE-OS 3.17 
I 2.7E-08 I.3E-07 1.4E-09 2.6E-OS 4.S6 
2 2.0E-OS 6.5E-OS 2.3E-09 1.2E-OS 3.20 
3 1.2E-08 3.4E-08 2.2E-09 4.9E-09 2.S6 
4 7.SE-09 I.3E-OS I.SE-09 5.6E-09 1.6S 
Table (5.16): Desorption of Cs from montmorillonite in increasing M NaCI. 
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Figure (5.17): Desorption of Cs from kaolinite in de-ionised water (top), 0.005 M 
NaCI (middle) and increasing ionic strength solution ofNaCI (bottom). 
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Figure (5.18): Desorption of Cs from montmorillonite in de-ionised water (top), 
0.005 M NaCI (middle) and increasing ionic strength solution of NaCI (bottom) 
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( c) Effect of pH. 
The effect of pH on the sorption of Cs on kaolinite and montmorillonite was 
investigated. Samples of Cs and clay were prepared in duplicate in 0.005 M NaCl 
and the pH was altered by adding one drop (- 0.3 cm3) of varying concentration 
solution of either HCl or NaOH. The amount of cation bound after 24 hours was 
detennined as set out in section "preparation of sorption isotherm". Tables (5.17 
- 5.18) below show the actual values for the desorption of Cs from the two clays. 
The concentration of Cs used was for 2 - 6 X 10-7 mg cm3 kaolinite and - 4 x 10-7 
mg cm3 for montmorillonite. 
With Cs sorption onto kaolinite and montmorillonite the amount of cation bound 
and hence the Rd value increases with increasing pH (Figures (5.19 - 5.20)). For 
Cs sorption onto kaolinite the % bound starts to decrease above pH 11. The 
amount of Cs sorbed to montmorillonite was not measured above pH 11. The % 
Cs bound and Rd values at pH 7 for both clays agree with the measured % bound 
and calculated Rd values from the construction of the isotherms (see section 
5.2.2). 
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Figure (5.19): Sorption isothenn of Cs onto kaolinite at different pH values. 
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Figure (5.20): Sorption isothenn of Cs onto montmoriIIonite at different pH 
values. 
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Final pH [Cs] in solution [Cs] bound Solution error Bound error Rd Error %Csbound Error(%) 
(mgcm") '(mgmg") (mgcm·J) (mg mg-I) (cm'mg") (cm'mg'l) 
2.0 2.26E-07 1.415E-07 2.67E-1O 5.35E-1O 0.63 0.00 23.8 0.09 
2.8 2.12E-07 1.930E-07 1.16E-09 2.33E-09 0.91 0.01 31.2 0.38 
3.7 1.60E-07 2.439E-07 4.25E-1O 8.53E-I0 1.53 0.01 43.2 0.15 
5.2 1.34E-07 3.051E-07 4.65E-I0 9.31E-IO 2.28 0.01 53.2 0.16 
5.9 1.09E-07 2.936E-07 1.08E-09 2.17E-09 2.70 0.D3 57.4 0.42 
6.2 9.21£-08 2.957E-07 1.59E-09 3.18E-09 3.19 0.06 61.4 0.66 
• 7.2 l.I2E-07 3.833E-07 2.14E-09 4.28E-09 3.41 0.08 63.0 0.70 
7.4 1.03E-07 3.454E-07 6.1IE-l0 1.22E-09 3.35 0.02 62.5 0.22 
7.6 l.I8E-07 3.988E-07 1.03E-09 2.06E-09 3.38 0.03 62.8 0.32 
8.9 1.12E-07 4.480E-07 3.03E-I0 6.06E-I0 3.98 0.01 66.5 0.09 
11.3 1.13E-07 3.695E-07 1.27E-09 2.53E-09 3.27 0.04 62.0 0.42 
11.6 1.13E-07 3.028E-07 1.10E-09 2.19E-09 2.67 0.03 57.2 0.41 
12.0 1.48E-07 3.295E-07 1.48E-09 2.97E-09 2.23 0.03 52.6 0.47 
.. Table (5.17): SorptIOn of Cs to kaohmte at dIfferent pH values. 
------------------------------------------------------------------------------------------------- ----------------
Final pH [Cs] in solntion [Cs] bound Solution error Bound error Rd Error % Cs bound Error(%) 
(mgcm-') ·(mgmg-I ) (mgcm-') (mgmg-l) (cm'mi l ) (cm'mg- I ) 
23 4_12E-07 3.54E-07 3.78E-09 1.87E-OS 0.86 0.05 14.8 0.78 
2.6 3.14E-07 3.40E-07 l.91E-09 9.44E-09 LOS 0.Q3 IS.O 0.50 
3.9 3.3IE-07 5.19E-07 2.64E-09 UIE-OS 1.57 0.04 24.1 0.61 
4.7 3.24E-07 7.66E-07 237E-09 1.17E-08 2.37 0.04 32.4 0.50 
5.3 2_70E-07 7.09E-07 5.95E-JO 2.94E-09 2.63 0.01 34.8 0.14 
5.6 2.53E-07 7.21E..Q7 2.66E-09 1.31E..Q8 2.S5 0.06 36.6 0.67 
6.4 2.9IE-07 9.36E-07 3.24E-09 1.60E-OS 3.22 0.07 39.4 0.67 
7.6 2.38E-07 7.2IE-07 8.76E-lO 4.33E-09 3.03 0.02 38.0 0.23 
8.3 3.09E-07 9.39E-07 2.06E-09 l.02E-08 3.04 0.04 38.0 OAI 
8.8 2.89E-07 8.80E-07 3.86E-09 1.91E-08 3.05 0.08 38.1 0.S3 
9.7 2.66&07 833E-07 3.56E-09 1.76E-OS 3.13 0.08 38.8 0.82 
9.9 2.90E-07 J.03E-06 7.24E-09 3.5gE-OS 3.55 0.15 41.8 l.45 
. ~ Table (5.18): SorptIOn of Cs to montrnonllomte at dIfferent pH values . 
-..l 
---
(d) Effect of equilibration time. 
To investigate the effect of equilibrium time on the desorption of Cs from kaolinite 
experiments were set up in triplicate using IS cm3 of 0.005 NaCI with kaolinite (500 
ppm) and Cs (5 - 6 x 10-7 mg cm-3). The Cs was equilibrated with the clay for 3 
months and then the amount of Cs bound was determined as in section 5.1.4. 
Desorption experiments were performed after varying amounts of time to observe the 
effect of equilibrium time on desorption. The % Cs bound determined after each 
desorption step is shown in table (5.19) below. The initial desorption equilibrium time 
was 24 hours, then 1 week, then 1 month and for varying amounts of time after this. 
The results are shown in figure (5.21). The amount of Cs bound decreases with each 
desorption step and the amount desorbed decreases with each desorption step. 
DesOIption Days since % Cs bound Error 
desorption sten 0 
0 0 57.73 0.66 
I I 50.24 0.90 
2 8 42.25 2.15 
3 42 37.66 1.53 
4 75 33.14 1.57 
5 84 29.54 1.65 
6 131 26.62 1.68 
7 247 24.40 1.78 
Table (5.19): Desorption of Cs from kaolinite -long term experiment. 
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Figure (5.21): Desorption of Cs from kaolinite after three months equilibration time. 
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Table (5.20) below shows the actual values for the desorption of Cs from kaolinite. 
The results are shown in figures (5.22 - 5.23). The initial Rd agrees with the Rd value 
of 2.67 cm3 mg-' calculated from the isotherm (see section 5.2.2). The Rd value 
increases with each desorption step. Figure (5.22) suggests a linear relationship 
between the Rd value and the desorption step. Figure (5.23) shows a linear 
relationship between the amount of Cs bound and the amount in solution for the later 
desorption steps (3 - 7). The equation of the line is 
[Cs] bound (mg mg"') = 4.66 x [Cs]in solution (mg cm3) + 2 X 10-7 (5.6) 
Provided this relationship holds for further desorption experiments it implies that 
some of the Cs is irreversibly bound to the kaolinite, 2 x 10-7 mg mg-'. 
Desorption [Cs] in [Cs] bound Solution error Bound error Rd Error 
solution (mg mg-I) (mgcm-') (mg mg-I) (cm'mg·') (cm'mg-') 
(mg cm-l ) 
0 2.34E-07 6.44E-07 2.56E-08 6.79E-08 2.75 0.42 
I 1.21E-07 5.60E-07 1.52E-08 5.59E-08 4.63 0.74 
2 8.5IE-08 4.70E-07 I.78E-08 4.37E-08 5.53 1.27 
3 5.38E-08 4. I 9E-07 5.94E-09 3.86E-08 7.80 1.12 
4 4.34E-08 3.69E-07 4.86E-09 3.38E-08 8.50 1.23 
5 3.49E-08 3.29E-07 4.43E-09 2.90E-08 9.41 1.45 
6 2.79E-08 2.96E-07 2.54E-09 2.73E-08 10.63 1.38 
7 2.18E-08 2.7IE-07 2.78E-09 2.55E-08 12.45 1.97 
.. Table (5.20): DesorptlOn of Cs from kaohmte -long term expenment. 
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Figure (5.22): Desorption of Cs from kaolinite after three months equilibration time-
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Figure (5.23): Desorption of Cs from kaolinite after three months equilibration time. 
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5.2.4 Nickel. 
(a) Desorption experi ments. 
The % Ni bound fo r kao lin ite at two di fferent concentrations is shown in table (5 .2 1) 
below. Boehmi te was not included as there was not signi fican t sorpti on of Ni as 
shown in the construction of the isothenn (see secti on 5.2.2). The errors quoted are 
for simple standard deviation ari sing fro m the rep licate measurements and are at I (J. 
The results are shown in figu re (5.24). 
Desorption fN il (mg cm-') 
6.70 x /0-8 5.04 X /0-2 
% Bound Error % Bound Error 
0 47.8 \ 1.26 8.7 ! 0.95 
\ 40.89 0.89 7.53 0.84 
2 33.76 0.76 6.28 0.93 
3 27.54 0.78 5.02 1.08 
... Table (5.2 1): % NI bound to kao ltntte after Int tlal sorptI on and desorptlon steps at 
different Ni concentrati ons. 
wr----------------------------------------. 
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Figure (5 .24): Desorption of Ni from kaolini te at different Ni concentrations. 
The system with the lower concentration of Ni shows comparable % sorption values 
to those identi fied in the construction of the isotherm (see section 5.2.2). The lower 
concentration lies on the linear part of the isothenn whereas the higher concentration 
li es on the plateau of the isotherm. The results show that there is s ignifi cant 
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desorption of the cation at each step but the change In the % desorbed remaInS 
constant for each desorption step. 
The % Ni bound fo r montmori llonite at three di fferent concentrations is shown in 
tab le (5 .22) below. The errors quoted are for simple standard deviati on ari sing from 
the replicate measurements and are at 10". The results are shown in fi gures (5.25). 
Desorpt ion [Nil (mg cm-') 
I x 10-6 6 x 10-6 6 x 10-3 
% Bound Error % Bound Error % Bound Error 
0 15.75 0.72 20.1 I 0.92 18.32 2.57 
I 13.76 2.40 19.97 2.24 17.29 2. 18 
2 9.95 2.28 18.29 1.85 15.62 2. I I 
3 8.78 2.88 16.88 2. 17 14.97 2.42 
4 7. 15 3.04 16.4 1 2.32 14.55 2.34 
... Table (5 .22): % NI bound to montmonllol1lte after Il1Itl al sorptIon and desorptlOn 
steps at different Ni concentrations. 
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Figure (5 .25) : Desorption of Ni from montrnorillonite at different Ni concentrations. 
All three systems show comparable % sorption values to those identified in the 
constructi on of the isotherm and are on the linear part of the isotherm (see section 
5.2.2). The lower concentration shows slightly lower % sorption of Ni although there 
is no difference in the three systems within 30". The results show that there IS 
significant desorption of the cation at each step but the change in % desorbed IS 
vari able fo r each desorption step. 
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Tables (5.23 - 5.27) below show the actual values for the desorption of Ni from 
kaolinite and montmorillonite in 0.005 M NaCI at different Ni concentrations. The 
results are shown in figures (5.26 - 5.30). The errors quoted are for simple standard 
deviation arising from the replicate measurements and are at I cr. The initial Rd values 
(desorption step 0) for the lower Ni concentration kaolinite system shows good 
agreement with the value of 2.42 cm3 mg" calculated from the isotherm (see section 
5.2.2). The initial Rd for the higher Ni concentration kaolinite system is much lower 
because of the surface saturation of the clay leaving more cation in solution. The 
initial Rd values for Ni desorption from montmorillonite agree with the Rd value of 
1.37 cm3 mg·'. All systems show an increase in the calculated errors as the number of 
desorption steps increases an increase in the Rd value indicating that either some of 
the nickel is irreversibly bound or that the equilibrium has not been reached in the 
experimental timescale. 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg· l ) (cm'mg· l ) 
(mg cm") (mg cm") 
0 HOE-OS 6.22E-OS 2.97E-09 3.94E-09 I.S3 0.20 
I I.64E-OS 5.32E-08 S.6SE-1O 4.15E-09 3.24 0.30 
2 1.04E-OS 4AOE-OS 5.53E-1O 3.59E-09 4.24 0.41 
3 7.7 I E-09 3.59E-OS 5.6SE-1O 2.94E-09 4.65 0.51 
Table (5.23): Desorption of6.7 x 10" mg cm3 Ni from kaolinite in 0.005 M NaCI. 
Desorption [Ni] in solutio" [Ni] bound Solution error Bound error Rd Error 
6ng cm") (mg mg-I) (mg cm") (mgmg-l) (cm'mg· l ) (cm'mg· l ) 
0 4.48E-02 S.5SE-03 1.16E-03 S.5IE-04 0.19 0.02 
I 1.6JE-02 7.42E-03 3.44E-04 7.S4E-04 0.46 0.05 
2 6.14E-03 6.19E-03 1.91E-04 S.69E-04 1.01 0.15 
3 2.75E-03 4.94E-03 1.57E-04 1.02E-03 1.79 0.38 
Table (5.24): Desorption of5.04 x 10.2 mg cm3 Ni from kaolinite in 0.005 M NaCI. 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg· l ) (cm'mg· l ) 
(mg cm") (mgcm") 
0 SA2E-07 S.37E-07 1.23E-07 S.9SE-OS 0.99 O.IS 
I 2.80E-07 7.2IE-07 5.79E-OS 3.95E-OS 2.5S 0.55 
2 l.25E-07 5.ISE-07 2.23E-OS 5.47E-OS 4.15 0.S6 
3 5.30E-OS 4.53E-07 l.lSE-OS 9. I SE-07 S.55 2.57 
- -
-
-4 3.31E OS 3.65E 07 7.4SE 09 1.12E 07 11.03 4.20 
Table (5.25): Desorption of 1.00 x 10' mg cm3 Ni from montmorillonite in 0.005 M 
NaCI. 
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Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg") (cm'mg") 
(mg cm-') (!llg cm-') 
0 5.14E-06 6.94E-06 6.62E-07 I.ISE-06 1.35 0.29 
I 1.62E-06 6.S4E-06 3.35E-07 S.67E-07 4.23 1.03 
2 6.24E-07 6.26E-06 1.09E-07 7.40E-07 10.04 2.12 
3 2.S9E-07 5.75E-06 9.2IE-08 5.45E-07 19.95 6.65 
4 l.22E-07 5.59E-06 4.16E-08 5.37E-07 46.00 16.36 
.,6 Table (5.26). DesorptlOn of 6.00 x 10 mg cm3 NI from montmonllomte In 0.005 M 
NaCI. 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg") (cm'mg") 
(mgcm") (mgcm") 
0 5.00E-03 5.93E-03 5.80E-04 5.14E-04 1.19 0.17 
I 1.61E-03 5.60E-03 1.97E-04 3.33E-04 3.47 0.47 
2 5.98E-04 5.05E-03 8.37E-05 3.26E-04 8.44 1.30 
3 2.26E-04 4.84E-03 4.30E-05 4.22E-04 21.42 4.49 
4 9.65E-05 4.70E-03 2.55E-05 3.87E-04 48.73 13.49 
.-3 Table (5.27). DesorptlOn of6.00 x 10 mg cm3 NI from montmonllomte In 0.005 M 
NaCI. 
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Figure (5.26): Desorption of Ni from kaolinite, [Ni] = 6.7 x 10-8 mg cm-3• 
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Figure (5.27); Desorption of Ni from kaolinite, [Ni] = 5.0 x 10-2 mg cm-3• 
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Figure (5.28); Desorption of Ni from montmorillonite, [Ni] = 1.0 x 10-6 mg cm-3• 
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Figure (5.29): Desorption of Ni from montmorillonite, [Ni) = 6.0 x 10-6 mg cm·3. 
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Figure (5.30): Desorption of Ni from montmorillonite, [Ni) = 6.0 x 10-3 mg cm·3• 
(b) Effect of ionic strength. 
To investigate the effect of ionic strength on the desorption of cations from clays 
experiments were performed on the Nilkaolinite and Ni/montmorillonite systems in 
different ionic strength solutions ofNaCI. The % Ni bound to the clays are shown in 
tables (5.28 - 5.29). The errors quoted are for simple standard deviation arising from 
the replicate measurements and are at 10'. The results are shown in figures (5.31 -
5.32). 
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Desorption Ionic strength ofNaCI (M) 
0 0.005 0.01 0.05 0.1 
% Bound Error % Bound Error % Bound Error % Bound Error % Bound Error 
0 56.80 2.18 50.64 0.36 53.59 0.59 53.47 1.57 56.31 2.11 
I 61.94 2.00 42.02 0.63 27.25 1.22 16.24 4.10 8.45 1.32 
2 62.09 2.59 32.69 1.13 22.60 3.56 19.09 1.99 12.28 4.97 
3 60.05 3.03 25.29 1.35 16.52 2.60 16.14 2.20 11.39 3.26 
4 57.69 4.04 19.88 1.74 14.26 2.56 16.82 2.43 11.91 3.24 
Table (5.28): DesorptlOn of NI from kaohmte ln different strength solutions ofNaCI. 
Desorption Ionic strength ofNaCI (M) 
0 0.005 om 0.05 0.1 
% Bound Error % Bound Error % Bound Error % Bound Error % Bound Error 
1 24.31 4.23 23.94 2.49 23.33 1.29 25.91 1.18 21.06 3.49 
2 23.98 2.62 19.73 1.50 13.31 0.47 11.37 2.22 5.41 2.69 
3 17.92 2.99 15.77 1.80 11.06 1.76 8.41 3.22 2.15 5.07 
4 16.93 2.74 13.14 1.52 9.12 1.84 9.33 2.42 4.22 3.47 
5 16.12 2.40 11.63 1.41 8.25 1.92 9.60 2.43 4.42 2.71 
Table (5.29): DesorptlOn of NI from montmonllomte III dIfferent strength solutIOns ofNaCI. 
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Figure (5.32): Desorption of Ni from montmorillonite In varying IOniC strength 
solutions ofNaC!. 
The % Ni initiall y bound is the same for both clays in all ionic strength solutions 
indicating that Ni2+ ions are bound in preference to Na+ ions or that the concentration 
ofNa+ is not suffi cient to compete appreciably for surface si tes. The % Ni bound to 
kaolinite in water (0 M NaCI) remains constant throughout the experiment indicating 
that the % of Ni bound is held irreversibly or that equilibrium is not reached within 
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the timescale of the desorption experiment (96 hours). The % Ni bound to 
montmorillonite in water (0 M NaCl) decreases after the first desorption step and then 
remains constant for the rest of the experiment although no change is observed within 
3 (J. The % Ni bound decreased at each desorption step for both clays in the NaCl 
solutions. The decrease in the % bound was more pronounced in the higher ionic 
strength solutions suggesting that there is competition between the Na+ and the Ne+ 
ions for surface sites. A minimum % Ni bound value is reached for both clays in the 
NaCI solutions of 11-12 % and - 4 % for kaolinite and montmorillonite respectively. 
These values could be viewed as 0 % sorption within 3 (J limits or as the % of Ni 
bound irreversibly in each system. 
Tables (5.30 - 5.39) below show the actual values for the desorption of Ni from the 
two clays. The concentration of Ni used was for - 7 x 10-6 mg cm3 kaolinite and - 1 x 
10.6 mg cm3 for montmorillonite. The errors quoted are for simple standard deviation 
arising from the replicate measurements and are at 1 (J. The initial Rd values 
(desorption step 0) of 2.07 - 2.69 cm' mg·! for the kaolinite systems show good 
agreement with the Rd value of 2.42 cm3 mg·! calculated from the isotherm (see 
section 5.2.2). The initial Rd values of for the montmorillonite systems show good 
agreement with the Rd value of 1.37 cm' mg"! calculated from the isotherms. The Rd 
values for each system increased with each desorption step and the errors associated 
also increased. The results are shown in figures (5.33 - 5.34). The kink in the 
kaolinite graph is produced because the % bound at desorption step 1 in 0.05 and 0.1 
M NaCl solutions was lower than that in the subsequent desorption step. The graphs 
show that the starting point for each system is almost the same. The graphs show that 
the % bound for both clays decreases with each desorption step and decreases to a 
greater extent in the solutions of higher ionic strength. 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error 
_Llllg cm"'L .. {ttlg cm·Jl 
(mg mg-I) (cm'mg·') (cm'mg·') 
0 3.09E-07 8.32E-07 5.06E-08 2.07E-07 2.69 1.11 
1 6.79E-08 9.07E-07 1.I4E-08 2.20E-07 13.36 5.49 
2 2.13E-08 9.IOE-07 1.69E-09 2.30E-07 42.66 14.14 
3 2.15E-08 8.82E-07 1.50E-08 2.29E-07 41.09 39.37 
4 2.3IE-08 8.50E-07 1.56E-08 2.37E-07 36.86 35.20 
.. Table (5.30): DesorptlOn of NI from kaohmte III 0 M NaCI. 
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Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg-I ) (cm'mg- I ) 
~mgcm-') (mg cm-') 
0 3.50E-07 7.24E-07 6.19E-08 1.32E-07 2.07 0.74 
I I.S0E-07 6.0IE-07 2.90E-OS 1.16E-07 3.35 1.19 
2 I.27E-07 4.6SE-07 2.3SE-OS 9. 13E-OS 3.67 1.40 
3 9.53E-OS 3.63E-07 5.ISE-09 7.S6E-OS 3.81 1.03 
4 7.00E-OS 2.S7E-07 4.90E-09 7.42E-OS 4.10 1.35 
Table (5.3\): DesorptlOll ofN! from kaohlllte III 0.005 M NaCI. 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mt l ) (cm'mg- I) 
..img_cm·') (mgcm·') 
0 3.47E-07 S.07E-07 6.62E-09 4.3SE-09 2.33 0.06 
I 3.14E-07 4. I OE-07 S.62E-09 I.64E-OS 1.31 0.09 
2 1.41E-07 3.40E-07 2.14E-OS 5. I 6E-OS 2.40 0.73 
3 9.35E-OS 2.49E-07 2.4SE-09 3.77E-08 2.66 0.47 
4 4.SSE-OS 2. I 5E-07 2.45E-09 3.72E-OS 4.40 0.9S 
Table (5.32): DesorptlOll ofN! from kaohlllte III 0.01 M NaCI. 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg- I ) (cm'mg- I ) 
(mg cm-') (mg cm-3) 
0 3.57E-07 S.37E-07 1.2IE-OS 2.44E-OS 2.34 0.15 
I 4.IlE-07 2.53E-07 3.96E-08 6.39E-08 0.62 0.21 
2 1.17E-07 2.97E-07 2.S3E-09 3.IOE-08 2.54 0.33 
3 6.23E-08 2.5IE-07 2.25E-09 3.43E-08 4.03 0.70 
4 1.62E-OS 2.62E-07 2.46E-09 3.7SE-08 16.16 4.78 
Table (5.33): DesorptlOll ofN! from kaohlllte III 0.05 M NaCI. 
Desorption [Ni] in [Ni] bcund Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg-I ) (cm'mg-I ) 
~mgcm-') (mgcm-') 
0 3.14E-07 S.16E-07 1.29E-OS 4.02E-08 2.60 0.23 
I 4.44E-07 1.23E-07 7.47E-09 2.06E-08 0.2S 0.05 
2 1.2SE-07 1.77E-07 4.50E-OS 7.00E-OS 1.39 1.04 
3 5.16E-OS 1.65E-07 3.12E-09 4.53E-OS 3.19 1.07 
4 1.44E-08 I.72E-07 3.16E-09 4.49E-08 11.97 5.74 
.. Table (5.34): DesorptlOll ofN! from kaohlllte III 0.1 M NaCI. 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg· l ) (cm'mg·') 
lmgcm·') jrng cm·') 
0 S.lIE-07 1.40E-06 6.5 I E-OS 2.92E-07 1.72 0.39 
I 2.57E-07 1.37E-06 2.55E-OS 1.80E-07 5.34 O.SS 
2 1.44E-07 1.03E-06 1.27E-09 2. I 6E-07 7.16 1.50 
3 5.50E-OS 9.74E-07 2.36E-09 1.99E-07 17.71 3.70 
4 2. 67E-08 9.23E-07 I.72E-OS 1.4SE-07 34.59 22.96 
Table (5.35): DesorptlOll ofN! from mOlltmonllolllte III 0 M NaCI. 
250 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-l) error (mg mg-I) (cm'mg·') (cm'mg·') 
(mgcm·') (mg cm·') 
0 8.38£-07 1.41E-06 1.94E-08 1.94E-07 1.69 0.23 
I 3.11£-07 LJ6E-06 6.42E-09 1.27E-07 3.74 0.42 
2 1.39E-07 9.32E-07 2.75E-09 1.37E-07 6.70 1.00 
3 7.26E-08 7.76E-07 5.IIE-09 L14E-07 10.69 1.74 
4 4.0IE-08 6.87E-07 2.18E-09 1.04E-07 17.15 2.77 
Table (5.36): Desorptton of NI from montmonllomte III 0.005 M NaCI. 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-l) (cm'mg·') (cm'mg·') 
(mg enf') (mgcm·') 
0 8.01£-07 1.30E-06 1.43E-08 7.29E-08 1.63 0.10 
I 3.54E-07 7.43E-07 9.9IE-09 2.56E-09 2.10 0.09 
2 1.33E-07 6.17E-07 1.38£-08 9.82E-08 4.64 0.88 
3 6.12£-08 5.09E-07 6.39E-09 1.02E-07 832 1.88 
4 2.85£-08 4.61£-07 3.31£-09 1.06E-07 16.15 4.17 
Table (5.3'(): DesorptlOn of NI from montmonllomte III 0.01 M NaCI. 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg·') (cm'mg·') 
(mgem·'l (mg cm·') 
0 7.86£-07 1.47E-06 4.36E-08 7.63E-08 1.87 0.14 
I 4.15£-07 6.46E-07 4.04E-08 1.43E-07 1.56 0.38 
2 1.62£-07 4. 81E-07 1.40£-08 2.02E-07 2.97 1.27 
3 4.34E-08 5.31£-07 9. 17E-09 1.52£-07 12.22 4.35 
4 1.12£-08 5.46E-07 2.26£-09 1.54E-07 48.79 16.90 
Table (5.38): Desorptton of NI from montmonllomte III 0.05 M NaCI. 
Desorption [Ni] in [Ni] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg-') (cm'mg-') 
(mg cm-') (mg cm-') 
0 7.57£-07 1.08E-06 7.75£-08 1.66E-07 1.43 0.26 
I 3.71£-07 2.80E-07 4.89£-08 7.81£-08 0.75 0.23 
2 1.40£-07 1.23£-07 6.65£-09 2.18£-07 0.88 1.56 
3 3.18E-08 2.25£-07 1.69£-09 1.67£-07 7.09 5.26 
4 1.07£-08 2.36E-07 3.78£-09 1.70E-07 21.92 17.62 
Table (5.39): DesorptlOn of NI from montmonllomte III 0.1 M NaCI. 
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Figure (5.33): Desorption of Ni fro m kaolinite in varying ionic strength solutions of 
NaCI. 
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Figure (5.34): Desorption of Ni from montmori llonite in varying ionic strength 
solutions of NaCI. 
(c) Effect of pH. 
The effect of pH on the sorption of Ni on kaolinite and montmorillonite was 
investigated. Samples of cation and clay were prepared in dupl icate as detailed above 
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111 secti on 5.2.3(c). Tables (5.40 - 5.41 ) below show the actual values for the 
desorption of Cs and Ni from the two clays. The concentration of Ni used was fo r 2 -
3 x 10-6 mg cm-) kaolinite and 2 - 4 X 10-6 mg cm-} fo r montmorillonite. The results 
are shown in figures (5.35 - 5.36). 
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Figure (5.35): Sorption isothenn for Ni onto kaolinite at di fferent pH values. 
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Figure (5.36): Sorption isothenn for Ni onto montmorillonite at different pH values. 
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Final [N i] in so lu.lion [Ni] bound Solution error Bound error Rd Error % Ni bound Error (%) 
pH (mg cm") (mg mg") (mg cm" ) (mg mg-I ) (cm'mg:') (cm' mg") 
2.0 -6.54E- 10 2.09E-08 1.72E-06 1.04E-08 0.000 0.00 -0 .02 0.60 
2.9 1.3 1 E-07 1.6SE-08 1.84E-06 8.36E-09 0.07 1 0.0 1 3.43 0.44 
4. 1 1.1 7E-06 I.I3E-08 I. 79E-06 5.6 1 E-09 0.65 1 0.01 24.48 0.24 
5.3 2.28E-06 2.27E-08 1.1 1 E-06 1.1 3E-08 2.064 0.03 50.80 0.50 
6.0 2.03E-06 3.34E-08 8.83E-07 1.67E-08 2.298 0.06 53.4 1 0.88 
6. 1 2.50E-06 3.20E-08 I.IOE-06 1.59E-08 2.262 0.04 52.92 0.68 
6.9 1.84E-06 1.25E-08 7.98E-07 6.3 1 E-09 2.313 0.02 53.82 0.37 
7. 1 2.47E-06 2.00E-08 9.56E-07 1.00E-08 2.590 0.Q3 56.5 1 0.46 
73 2.02E-06 5. IOE-08 6.79E-07 2.56E-08 2.983 0.13 59.95 1.5 1 
7.5 2.76E-06 I. OOE-08 6.55E-07 5.00E-09 4.2 17 0.04 67 .80 0.25 
9. 1 3.72E-06 3.95E-09 1.93E-07 1.97E-09 19.3 19 0.20 90 .6 1 0.10 
11 .2 3.86E-06 9.34E-09 6.0SE-08 4 .66E-09 63.449 5.14 96.94 0.23 
Table (5 .40): SorptIon of NI to kaolmlte at dIfferent pH values. 
--------------------------------------------------------------------- --- -
Final pH [N i] in solution [Ni] bound Solution error Bound error Rd Error % Ni bound Error (%) 
(mg cm>') (mg mg>') (mg cm>' ) (mgmg:-I ) (cm' m~) (cm' mg>') 
1.9 3.07E-06 - 1.1 5E-06 8.66E-09 4.28E-08 -0.375 -0.0 I -8.22 0.31 
3. 1 3.08E-06 -3 .0ZE-07 1.44E-08 7.09E-08 -0.098 -0.02 -2.02 0.48 
3.9 2.89E-06 -2.58E-07 8.00E-09 3.95E-08 -0.090 -0 .0 1 -1.85 0.28 
4.6 1.98E-06 4. I SE-07 4.74E-09 2.34E-08 0.209 0.01 4.06 0.Z3 
4.8 3.68E-06 1.36E-06 5.51 E-09 2.nE-08 0.369 0.01 6.95 0.14 
5.5 2.29E-06 1.65E-06 J.73E-OS S.53E-OS 0.7 I 8 0.04 12.70 0.66 
6.S 2.78E-06 2.76E-06 2.5ZE-09 1.24E-OS 0.994 0.00 16.75 O.OS 
7.1 2.86E-06 2. 16E-06 5.86E-OS 2.90E-07 0.753 0.09 13.23 I. 7S 
7.3 Z.92E-06 3. 12E-06 I.IZE-OS 5.55E-OS 1.06S 0.02 17.77 0.32 
7.5 1.79E-06 2.44E-06 1.18E-OS 5.S0E-08 1.364 0.03 21.65 0.52 
7.8 1.5ZE-06 6.98E-06 2.38E-OS I. I 7E-07 4.5 94 0.1 I 48.19 0.8 1 
8. I 5.6 1 E-07 9.4SE-06 8.78E-09 4.33E-08 16.S49 0.27 77.34 0.35 
9.7 9.05E-07 1.03E-05 7.85E-09 3.88E-08 I 1.427 0.1 I 69.82 0.Z6 
11 .0 6.47 E-07 1.93E-05 6.93 E-08 3.43E-07 29.833 3.0Z 85.78 1.52 
Table (5 .41 ): SorptIon of NI to montmonllomte at dI fferent pH values. 
With Ni sorption onto kao linite and montmorillonite the amount of cation bound and 
hence the Rd va lue increases with increasing pH. No decrease in the % bound was 
observed at high pH values. The % Ni bound and Rd values at pH 7 fo r kao lini te 
agree with the measured % bound and calculated Rd values from the construction of 
the isotherms (see section 5.2.2) . The % Ni bound value fo r montmorillonite agrees 
with the measured value from the constructi on of the isothenTIs (see section 5.2.2) 
although the Rd value does not agree wi th the calcul ated va lue of 1.37 cm] mg-'. The 
pH isothenTIs for the sorpt ion of Ni onto the two clays show a two step sorption 
process . The kao lini te system shows that sorption of Ni starts just below pH 3 and 
increases wi th increasing pH . A plateau is reached at pH 6 and continues until pH 8 
where the amount bound again increases with pH . A second plateau is reached at high 
pH values (> pH 9). The montmorillonite system shows that sorption of Ni starts just 
below pH 5 and increases wi th increasing pH. A plateau is reached at pH 5 and 
cont inues until pH 7 where again the amount bound increases with increasing pH . 
One or both of the data points above pH 9 are suspect as the amount bound would be 
expected to either continue increasing with increasing pH or to reach another plateau 
when either the surface becomes saturated or 100 % of the cation is sorbed. Onl y 86 
% of Ni is sorbed at pH 11 . 
5.2.5 Cerium. 
(a) Desorotion experiments and effect of ionic strength. 
The % Ce bound for each of the three clays is shown in table (5.42) below. The errors 
quoted are for simple standard deviati on arising from the replicate measurements and 
are at Icr. Resul ts showing greater than 100 % sorption are due to counting and 
experimental errors which are not accounted for here. The results are shown in fi gure 
(5.37). 
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Desorption Boehmite Kaolinite Montmorill onite 
% Bound Error % Bound En'or % Bound Error 
0 100.35 1. 60 9 1.97 0.8 1 99.87 0.53 
I 102.20 2.20 92.3 1 0.86 100.35 1.49 
2 104.65 2. 11 95.92 2.59 102.00 1.04 
3 105.57 2.25 96.87 3.89 102.30 1.01 
Table (5 .42): % Ce bound after initial sorption and desorption steps. 
Boelun ite and montmorill onite show complete (- 100 %) sorption of the cati on. 
Kao lini te shows > 90 % sorption. The resul ts show that there is no measurable 
desorption ofCe within the timescale of the experiment (72 hours). 
To investigate the effect of ionic strength desorption experiments were perfo rmed 
with kao linite at 0.0 I M NaC I. The results are shown in table (5 .43) below. The 
results show that the increase in ioni c strength has no effect on the desorption of Ce 
from kaolinite. The results are shown in fi gure (5.38). 
0.005 M NaCI 0.0 1 M NaCI 
Desomtion % Bound Erro r % Bound Error 
0 9 1.97 0.81 92.26 3.24 
I 92.3 1 0.86 90.80 2.08 
? 95.92 2.59 94.08 3.70 
3 96.87 3.89 96.64 4.23 
Table (5 .43): Effect of ionic strength on the desorption of Ce fro m kao li nite at 
di fferent ionic strengths. 
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Figure (5.37): desorption of Ce from boehmite (500 ppm w/v) (top), kaoJinite (500 
ppm w/v) (middle) and montmorillonite (189 ppm, w/v) (bottom). 
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Figure (5.38): Desorption of Ce from kaolinite at different ionic strength solutions of 
NaC I. 
Tables (5 .44 - 5.47) below show Ihe actual values fo r the desorpti on of Ce fro m the 
three clays in 0.005 M NaCI and fo r kaolinite in 0.0 1 M NaCI. The concentration of 
Ce used was - I x 10-4 mg resulting in concentrations of 7 - 8 X 10-6 mg cm-3 for 
boehmite and kaolinite systems and I x 10-5 mg cm-J for montmorillonite. The results 
are shown in figures (5.39 - 5.42). 
The errors quoted are for simple standard deviation an smg from the replicate 
measurements and are at I cr. The initial Rd values (desorption step 0) fo r both 
kaolinite systems show good agreement with the Rd value of23.6 cm3 mg"t calculated 
from the isothenn (see section 5.2.2). The initial Rd values for boehmite and 
montmorillonite do not show good agreement with the Rd calcul ated fro m the 
isothenns, 3.03 and 304 cm3 mg-t respectively. In the boehmite system the sorption of 
Ce is > 100 % due to a combination of counting and experimental errors, thi s results 
in a negative Rd value. The high affi nit y of Ce fo r montmorillonite is refl ected in its 
high positive Rd value. However the error of these Rd values are 4 - 5 ti mes greater 
than the Rd values thus not much confidence can be given to the Rd value. 
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Desorption [Ce] in [Ce] bound Solution Bound error Rd Error 
solution (mg mg-l) error (mg mg-I) (cm'mg") (cm'mg") 
(mg cm") (mg cm") 
0 -2.42E-08 1.60E-05 1.22E-07 1.02E-06 -659.0 -3305.8 
I -1.62E-07 1.63E-05 I.92E-07 1.28E-06 -100.4 -119.3 
2 -2.4IE-07 1.67E-05 1.05E-07 1.08E-06 -69.1 -30.3 
3 -1.49E-07 1.68E-05 2.DlE-07 9.24E-07 -112.9 -153.0 
Table (5.44): DesorptJon ofCe from boehtmte III 0.005 M NaCL 
Desorption [Ce] in [Ce] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg") (cm'mg"') 
(mg cm") (mg cm") 
0 6.52E-07 1.35E-05 9.68E-08 3.72E-07 20.7 3.1 
I 2.25E-07 1.35E-05 3.45E-08 3.8IE-07 60.0 9.4 
2 6.55E-08 1.35E-05 2.9IE-08 3.44E-07 206.7 92.0 
3 3.45E-08 1.35E-05 1.7IE-08 3.77E-07 392.0 194.4 
.. Table (5.45): DesorptlOn ofCe from kaohmte III 0.005 M NaCL 
Desorption [Ce] in [Ce] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg") (cm'mg"') 
(mgcm") (mg cm") 
0 5.66E-07 1.36E-05 2.3IE-07 6.66E-07 24.0 9.9 
I 3.0IE-07 1.34E-05 6.93E-08 5.23E-07 44.5 10.4 
2 -1.39E-07 1.39E-05 1.59E-07 7.4 I E-07 -99.8 -114.2 
3 -2.35E-07 1.43E-05 1.76E-07 8.7IE-07 -60.6 -45.5 
Table (5.46): DesorptlOn of Ce from kaohmte III O.oI M NaCL 
Desorption [Ce] in [Ce] bound Solution Bound error Rd Error 
solution (mg mg-I) error (mg mg-I) (cm'mg") (cm'mg") 
(mg cm') (mg cm") 
0 1.56E-08 6.53E-05 6.63E-08 2.77E-06 4178.1 17734.6 
I -5.34E-08 6.56E-05 1.48E-07 2.88E-06 -1226.9 -3406.2 
2 -2.33E-07 6.63E-05 1.75E-07 3.76E-06 -285.2 -215.7 
3 -3.54E-07 6.78E-05 1.23E-06 9.24E-06 -191.7 -665.4 
Table (5.47): DesorptJon ofCe from montmonllomte III 0.005 M NaCL 
Rd values are the ratio of the concentration of cation bound per mg of solid to the 
concentration of cation in solution per cm3 of solution. The large changes in the Rd 
values with each desorption step arise from the relatively low concentration of cation 
in the solution and any small change in this value will result in large variations in the 
Rd value. Rd values can be misleading when the sorption of cation nears 100 %. 
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Figure (5.39): Desorption ofCe from boehmite (500 ppm w/v) in 0.005 M NaCI. 
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Figure (5.40): Desorption ofCe from kaolinite (500 ppm w/v) in 0.005 M NaCI. 
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Figure (5.41): Desorption ofCe from kaolinite (500 ppm w/v) in 0.005 M NaCI. 
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Figure (5.42): Desorption ofCe from montmorillonite (189 ppm w/v) in 0.005 M 
NaCl. 
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5.3 Discussion and literature review. 
Montmorillonite is a 2: 1 mineral composed of two tetrahedral silica layers and one 
octahedral alumina layer. Kaolinite is a I: 1 mineral composed of one tetrahedral silica 
layer and one octahedral alumina layer. The charge on I: 1 minerals generally arises 
from the dissociation of hydroxyl groups whereas the charge 2:1 minerals is generally 
due to isomorphic substitution [364J. The frayed edge sites only account for - 20 % of 
the total sorption capacity of montmorillonite [365J. Montmorillonite has three 
different sorption sites due to its swell able structure, the basal faces, the frayed edge 
sites and the internal layers [366J. Ion exchange onto kaolinite is via the broken bonds 
on the frayed edge sites [365J. In 2: 1 minerals exchangeable cations and water 
molecules can move between the layers and balance surface charge arising from 
isomorphous substitutions within the structure [256]. For montmorillonite ca. one 
aluminium atom in six is a magnesium atom creating an excess of negative charge 
[24]. The layers in kaolinite are held together by hydrogen bonds giving a rigid, 
unswellable structure [24]. Boehmite is an aluminium oxyhydroxide and is a major 
constituent of most bauxite ores [367]. 
The experimental methods provided a suitable way of separating the clay colloids 
from solution and redispersion of the colloids allowing the measurement of the 
sorption of cation to the colloid. 
The results show that equilibrium was reached within 24 hours of contact between the 
cation and the colloid for both the sorption and desorption experiments. The % bound 
showed no change appreciable within 72 hours. Kinetics of sorption of cations onto 
surfaces often show a two stage process the first involves rapid and often reversible 
sorption onto easily accessible sites whereas the second stage involves the migration 
of the cation into the clay structure and stronger often irreversible sorption occurs 
[256, 292, 368]. These experiments limit themselves to the fast sorption processes. 
The zetapotential results show that kaolinite and montmorillonite are negatively 
charged and boehmite is positively charged at pH 7.0. The PlC of the minerals are 
2.5,4.6 and 8.2 for montrnorillonite, kaolinite and boehmite respectively [369]. Thus 
any sorption onto boehmite will be due to specific interactions between the positively 
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charged species and the posi ti vely charged surface or by the sorption of negati ve ly 
charged species. 
5.3. 1 Speciation of Cs, Ni and Ce. 
Cesium does not readil y hydrolyse or fo rm complexes and so it ex ists as the 
monovalent ion over the pH range studi ed [366]. The speciati on programme CHESS 
was used to predi ct the speciati on of nickel and cerium over the pH range studied . The 
results are shown in fi gures (5 .43 - 5.44). The domi nant fo rm of nickel is Ni2• at pH 
values of up to 8.5, Above this pH the uncharged complex of Ni(OH)2 begins to form 
at pH 9 and the negatively charged complex Ni(OHh- begins to form at pH 9.5. 
Above pH I I none of the Ni2+ exists. The speciation di agram shows that a precipitate 
is ofN i(OH)2 is formed between pH 10 and 12 as the solubil ity limit of the species is 
reached . At higher pH values Ni(OHh - becom es the dominant species and a ll N i is in 
solution at pH 12. The dominant form of cerium is Ce3+ at low pH values. At pH 6-7 
the positi vely charged species CeOH2+ and CeO+ start to be fo nned. At pH 9, CeO+ is 
the dominant species. Above pH 8 Ce02H starts to be fonned and is the dominant 
species above pH 9.5. 
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Figure (5 .43): Speciation of Ni in 0.005 M NaCl. 
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Figure (5.44): Speciation of Ce in 0.005 M NaCI. 
5.3.2 The sorption of Cesium. 
(a) The sorpti on of Cs onto Boehmite. 
The amount of Cs sorbed onto boehmite is less than 10 % giving a Rd value of 0.1 2 
cm) mg-I. This indicates that Cs sorbs by an elect rostati c mechanism as it is repell ed 
by the positive charge on the boehmite surface. Kim et al. [370] fo und that Cs fonned 
inner-sphere complexes with boehmite indicating specific interacti on between the 
cati on and sorbent. 
(b) The sorption of Cs onto Kaolinite. 
The sorption of Cs onto kao li nite is linear at the concentrations studied giving an Rd 
value o f 2.67 cm) mg-I . There is significant desorption of Cs fro m kaol inite with each 
desorption step and the amount desorbed decreases with each step. The Rd va lues 
from the desorption show little variation which may indicate that a constant 
distribution between the amount Cs sorbed and the amount in solution ex ists and that 
further desorption experiments will results in complete desorption of Cs from 
kao linite i.e. the Cs is reversibly sorbed. Magu ire et al. f ound some of the Cs was 
265 
irreversibly bound by kaolinite after equilibrating for two days [212]. Comell et al. 
noted that sorption of Cs onto kaolinite is by simple ion exchange mechanism and that 
sorption was complete within 24 hours [366]. 
The experiments involving the change of ionic strength showed that the desorption of 
Cs from kaolinite was minimal in solutions nearing 0 M NaCI. In solutions of 0.005 
M and increasing ionic strength desorption of Cs was evident with rapid desorption of 
Cs in the increasing ionic strength system. The Rd values for the 0 M NaCl system 
showed a significant increase with each desorption step indicating that some of the Cs 
was irreversibly bound. There was a small increase in the Rd values for the 0.005 M 
NaCl system. In the increasing ionic strength system the Rd values for the desorption 
were smaller than the sorption Rd value indicating that the Cs was reversibly bound 
within those conditions. ion exchange mechanisms are affected by changes in ionic 
strength [366]. 
The pH sorption isotherms show an increase in the amount sorbed, and hence an 
increase in Rd, with pH. Sorption starts just below pH 2 and increases until pH 11 
where a decrease in sorption is observed. The negative charge density of kaolinite 
increases with increasing pH [371]. Ion exchange mechanisms are generally thought 
to be independent of changes in pH [368]. 
After a sorption time of 3 months (in comparison to 24 hours for all the other 
experiments) the % bound decreased with each desorption step and the amount 
desorbed decreased with each desorption step. The initial Rd value agrees with the Rd 
value calculated from the isotherm. The Rd values increase with each desorption step, 
indicating that there is some Cs irreversibly bound. The variation in desorption time 
seemed to have no effect on the amount sorbed as the relationship between the 
amount sorbed and the desorption step is linear. This suggests that an equilibrium 
state is reached quickly and no further desorption occurs until the equilibrium is 
disturbed. The linear relationship with the amount Cs bound and desorption steps 3-7 
suggests that there will be an irreversible amount of Cs bound as long as this linear 
relationship holds. 
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( c) The sorption of Cs onto montmorillonite. 
The sorption of Cs onto montmorillonite is linear at the concentrations studied giving 
a Rd value of 2.86 cm3 mg·' which indicates that Cs has the same affinity for kaolinite 
as for montmorillonite. However the literature indicates that montmorillonite has a 
higher CEC (and surface area) than kaolinite by an order of magnitude [365, 366, 
372]. Rajec et al found that Cs sorption on montmorillonite followed a Langmuir 
isotherm [279]. Montmorillonite is the main constituent in bentonite and smectite. 
Khan et al studied the sorption of Cs onto bentonite and found that sorption and 
desorption were rapid, within 24 hours, suggesting that ion exchange was the main 
sorption mechanism. The isotherm however indicated two sorption mechanisms of ion 
exchange and specific sorption by isomorphic substitution [256]. 
Like kaolinite there is significant desorption of Cs from montmorillonite with each 
desorption step and the amount desorbed decreases with each step. The Rd values 
from the desorption increase with each desorption step indicating that there is some 
Cs irreversibly sorbed. 
As for kaolinite the desorption of Cs from montmorillonite was minimal in solutions 
nearing 0 M N aCI with rapid desorption in the increasing ionic strength system. The 
Rd values for the 0 M NaCl system showed a significant increase with each 
desorption step indicating that some of the Cs was irreversibly bound. There was a 
small increase in the Rd values for the 0.005 M NaCl system. In the increasing ionic 
strength system the Rd values for the desorption were smaller than the sorption Rd 
value indicating that the Cs was reversibly bound within those conditions. Jeong et al. 
studied the sorption of Cs onto smectites and noted that K+ ions competed more 
efficiently with Cs+ for sorption sites than Na+ due to the relative hydrated radii of the 
ions [246]. However these results show that Na+ ions have a significant impact on the 
desorption of Cs. 
The pH sorption isotherms show an increase in the amount sorbed, and hence an 
increase in Rd, with pH. Sorption starts just below pH 2 and increases. Sorption was 
not measured above pH 10. The % Cs bound and the Rd value at pH 7 agree with that 
calculated from the isotherm. Sorption of metal ions onto montmorillonite has been 
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noted to follow two sorption steps [265] where the more reactive sites will fill up first 
and the ion will be held more tightly [355]. The sorption of Cs onto ilIite [368] and 
tuff [292] also followed a two stage sorption process. 
5.3.3 The somtion of Nickel. 
(a) The somtion of Ni onto Boehmite. 
A linear relationship for the sorption of Ni onto boehmite can be drawn from the 
isotherm giving a Rd value of 0.1 0 cm3 mg'l and the amount bound was less than 10 
%, This indicates that Ni, like Cs, sorbs by an electrostatic mechanism as it is repelled 
by the positive charge on the boehmite surface. 
(b) The somtion of Ni onto Kaolinite. 
The sorption of Ni onto kaolinite is linear at low concentrations giving a Rd value of 
2.42 cm3 mg'1 a similar Rd to that for the Cs system. The Ni isotherm deviates from 
linear at higher concentrations following a Langmuir shape indicating saturation of 
the snrface sites or complete sorption of all the available cation. However the % 
bound at the highest Ni concentration was only 12 % which may indicate saturation of 
the surface sites. The literature gives a CEC value for kaolinite as 13 - 190 eq/g [351, 
365,366, 372]. This gives a CEC of 0.1 - 1.4 eq for the kaolinite concentration used 
in these experiments. For divalent ions 1 eq is equivalent to 0.5 mol [373]. Thus the 
kaolinite can sorb from 3 to 41 g of nickel. 
The desorption of Ni from kaolinite is shown at two different concentrations one that 
lies on the linear part of the isotherm and one that lies at the non-linear part. The 
initial Rd of the lower concentration system agree with that calculated from the 
isotherm (% bound = 48 %). The Rd of the higher concentration system is lower 
because the % bound is lower (-9 %). Desorption of Ni occurs at each step indicating 
that some of the Ni is weakly/ reversibly bound. The % desorbed at each step is the 
same which may indicate that the system quickly reaches equilibrium after each 
desorption and that there is a constant partitioning between the solid and liquid phase 
and that the desorption of Ni would continue until all was completely desorhed. 
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The ionic strength of the bathing solution had no effect on the initial % Ni bound. In 
solutions of ionic strength of 0 to 0.1 M NaCI the % Ni bound and hence Rd values 
were the same indicating that the either the Na+ ions do not compete for the surface 
sites or that the concentration of N a + ions is not sufficient to compete. It is known 
from the literature that Na is easily displaced from surface sites and only competes for 
sorption sites when its concentration is an order of magnitude higher than the sorbing 
cation. The amount of Ni used in these experiments is - 7 x 10,6 mg cm3 which is 
equivalent to - 1 X 10'7 mol rl. The % Ni bound in 0 M NaCI shows no appreciable 
desorption within the timescale of the experiment (96 hours) indicating that the Ni is 
irreversibly bound. For the systems in 0.005 M to 0.1 M NaCI the % Ni bound 
decreased with each desorption step and the amount desorbed increased with ionic 
strength. This indicates that the ionic strength of the bathing solution effects the 
desorption of Ni but not the initial sorption. The formation of inner sphere complexes 
is known as specific adsorption and outer sphere complexes as sorption by ion 
exchange. Outer sphere complexes are affected by changes in ionic strength [239]. 
The sorption isotherms constructed in pH conditions of 2 - 11 clearly show two 
sorption steps taking place. The amount sorbed increases with pH. Sorption starts at -
pH 3 and increases to a plateau which extends from pH 6 - 8. above pH 8 sorption 
again increases with pH. There is no decrease in the amount sorbed at high pH. In 
increasing pH conditions sorption first occurs on the strong sorption sites and once the 
capacity of these sites has been filled then sorption occur on the weaker sites. 
It has been noted in the literature that there are two different sorption steps for 
divalent ions onto kaolinite [275] and iIIite [267] and that sorption increases with 
increasing pH and decreasing ionic strength [314, 372]. It was also noted that there 
was a decrease in the amount sorbed at high pH values [233, 374]. Precipitation 
occurs at high pH values [267] 
(c) The sorption ofN} onto montmorillonite. 
The sorption of Ni onto montmorillonite is linear at low concentrations giving a Rd 
value of 1.37 cm3 mg"l. This indicates that Ni has less of an affinity for 
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montmorillonite than for kaolinite and that Ni has less of an affinity for 
montmorillonite than Cs. As for kaolinite the isotherm deviates from linear at higher 
concentrations following a Langmuir shape indicating saturation of the surface sites. 
The % bound at the highest Ni concentration was only 7 % which may indicate 
saturation of the surface sites. The literature gives a CEC value for montmorillonite as 
730 - 1200 eq/g an order of magnitude higher than that for kaolinite [246, 265, 375, 
376J. This gives a CEC of 1.4 - 2.3 eq for the montrnorillonite concentration used in 
these experiments. Thus the montmorillonite can sorb from 41 to 68 g of nickel. 
The desorption experiments were all performed at concentrations that lay on the linear 
part of the isotherm. The Rd values for the initial sorption experiments all agree with 
the value calculated from the isotherm. The Rd values for the 6.0 x 10-6 and 6.0 x 10-
3 mg cm-3 concentration systems show remarkable agreement showing that the 
desorption behaviour is the same for concentration systems that form part of the linear 
part of the isotherm. Desorption of Ni occurs at each step indicating that some of the 
Ni is weakly/ reversibly bound. The % desorbed at each step is variable. 
As for Ni sorption onto kaolinite the ionic strength of the bathing solution had no 
effect on the initial % Ni bound and the % Ni bound and Rd value agreed with that 
calculated from the isotherm. The amount of Ni used in these experiments is - 1 x 10-
6 mg cm3 which is equivalent to - 2 X 10-8 mol r'. The % Ni bound in 0 M NaCI 
decreases after the first desorption step and then remains constant indicating that most 
of the Ni is irreversibly bound within the timescale of the experiment (96 hours). As 
for Ni sorption onto kaolinite the systems in 0.005 M to 0.1 M NaCI showed a 
decrease in the amount of Ni bound with each desorption step and the amount 
desorbed increased with ionic strength. 
The pH isotherm like that for kaolinite shows two sorption steps. Sorption starts at 
just below pH 5 and increases with pH until a plateau is reached between pH 5 and 7. 
Above pH 7 the sorption again increases with pH. One or both data points are suspect 
above pH 9 as it would be expected for sorption to increase until the sorption capacity 
of mineral was reached or the concentration of the cation was 100 %. Therefore 
sorption would either continue to increase with or a plateau would be reached. It is 
unlikely that a third type of site has become available for sorption. At pH 11 86 % of 
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the Ni is sorbed indicating that the sorption would increase at higher pH values or that 
the remaining 14 % of Ni is not in a form that is easily sorbed by the clay surface i.e. 
a negatively charged hydroxy/carbonate species. 
There are a number of papers on the sorption of Ni and other divalent ions onto 
montmoriIIonite [235, 320, 375, 376] and other 2:1 minerals [291, 352]. Ulrich et al. 
studied the sorption of Pb, Bi and Po onto montmorillonite and found that the sorption 
mechanism was dependent upon the pH of the bathing solution. Ion exchange was 
found to dominate at low pH and specific adsorption at high pH [211]. Dahn et al. 
noted the pH dependent uptake of metals ions on montmorilIonite by the formation of 
bond to one or more oxygen atoms on the surface in addition to the ion exchange 
process [376]. Scheidegger et al. studied the Ni uptake on pyrophyllite and noted the 
sorption was dependent upon both pH and ionic strength indicating two sorption 
mechanisms were operating [352]. Bradbury et al. noted that the sorption of Zn and 
Ni were independent of ionic strength [375] indicating some specific sorption was 
taking place. Grutter et al. noted that the sorption of Ba onto montmorillonite was 
practically irreversible [320]. 
5.3.4 The somtion of Cerium. 
(a) The somtion ofCe onto boehmite. 
The sorption of Ce onto boehmite is linear within the concentration range studied 
giving a Rd value of3.03 cm3 mg·I • The sorption ofCe was 60 - 90 % indicating that 
the electrostatic repulsion between Ce and the positively charged colloid surface does 
not govern the sorption and that there is some specific interaction between Ce and 
boehmite. The bound Ce was 100 % on the desorption experiments and showed no 
desorption within the timescale of the experiment indicating that the Ce is irreversibly 
bound within the timescale of the experiment (72 hours). The initial Rd calculated for 
the desorption experiment did not agree with that calculated from the isotherm. 
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(b) The sorption of Ce onto kaolinite 
The sorption of Ce onto kaolinite was linear at the concentration range of Ce studied 
giving a Rd value of23.6 cm3 mg" and the % Ce bound was 88 - 92 %. There was no 
appreciable desorption within the timescale of the experiment (72 hours). The 
desorption experiments were perfonned in 0.005 M and 0.01 M NaCl but no 
appreciable difference between the two systems was observed this indicates that the 
interaction between Ce and kaolinite is specific rather than electrostatic. Stumpf et aL 
studied the sorption ofEu (analogue for Am3+ and Cm3+) onto kaolinite [351] and that 
sorption was by inner-sphere complexation and showed pH dependence. 
( c) The sorption of Ce onto montmorillonite 
The sorption of Ce onto montrnorillonite was linear at the concentration range of Ce 
studied giving an Rd value of 304 cm3 mg" and the % Ce bound was near 100 %. 
Montmorillonite sorbs Ce more strongly than boehmite and kaolinite. Like the other 
clays there was no appreciable desorption within the timescale of the experiment (72 
hours) indicating that the Ce is irreversibly sorbed due to specific interactions 
between the cation and the surface. The initial Rd value from the desorption 
experiment is an order of magnitude higher than that calculated from the isothenn. 
This difference most likely arises from the fact that the mount of cation in solution is 
very low and so any small change in the amount in solution has large effects on the 
Rd value. The errors on these'Rd values are much larger than the values themselves 
which renders them almost meaningless although the general trend can be noted. Rd 
values can be misleading when sorption values near 100 %. Degueldre et aL noted 
that the sorption of Am onto montrnorillonite in neutral to slightly basic conditions 
was by specific sorption and that ion exchange was negligible [236]. However 
Tichnor et aL noted that sorption ofU, Np and Pu onto montrnorillonite showed some 
dependence upon the TDS (Total dissolved solids) concentration indicating ion 
exchange mechanism was operating [362]. Pabalan et aL noted the fonnation of 
carbonate complexes caused a decrease in the sorption of U onto montmorillonite 
[377]. 
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5.4 Conclusions. 
• All systems showed linear sorption at low cation concentration. 
• Cs and Ni showed little sorption onto boehmite due to electrostatic repulsion 
between the colloid surface and the cation. Whereas Ce sorbed strongly to 
boehmite by specific sorption process. 
• Cs sorption to kaolinite and montrnorillonite was rapid and the desorption was 
affected by changes in ionic strength indicating an ion exchange mechanism. 
However the sorption also showed a dependence upon pH indicating a specific 
sorption mechanism was also taking place. Some of the Cs was irreversibly bound 
but desorbed in high ionic strength solutions. 
• The Ni sorption isotherms on montmorillonite and kaolinite suggested some 
saturation of the colloid surface although CBC values from the literature suggest 
that the sorption capacity of the minerals was not exceeded. Ionic strength had no 
effect on the sorption of Ni but caused greater desorption. Again evidence of two 
sorption mechanism was shown due to the rapid sorption, ionic strength and pH 
dependence. 
• Experiments with Ce were limited by its short half-life. Sorption of Ce to the three 
clays is nearly 100 % and is irreversible within the timescale of the experiment. 
Rd values can be misleading at near 100 % sorption. 
• The results indicate that mono and divalent ions tend to sorb by ion exchange as 
well as specific sorption mechanisms whereas trivalent ions tend to sorb by 
specific sorption mechanisms. 
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Conclusions 
The aim of this thesis was primarily to answer the three questions posed by 
BNFL. These were: 
1. What population of colloids are present in the trenches at the Drigg 
site? 
2. What types of colloids are present? and 
3. Are the colloids radionuclide bearing? 
The results of the analyses of the groundwater samples taken from the trenches at 
the Drigg site show that colloids are present in the range of 109_10 11 particles per 
litre; the colloids are mostly iron and silicon in elemental composition most 
likely as silica coated with iron oxyhydroxides and that 50% of the alpha activity 
is associated with the colloids at the time of sampling. 
At the time of publishing of this work some of this data has been taken and used 
in the DRINK model developed for the post-closure safety case for the Drigg site 
(see Introduction). The colloid population and type used in the model have been 
identified from this work. However the two types of colloids used in the model 
are either silica or iron based rather than the composite colloid identified from 
this study. If the following two assumptions are made that (i) where the iron 
oxyhydroxide is associated with the silica colloids, the behaviour of the colloid 
will be dominated by the properties of the iron oxyhydroxide and (ii) the 
majority of the colloids are iron based then the types of colloids in the model 
should adequately describe the colloids found in the trench groundwaters. 
The literature investigation into the stability of colloidal systems identified that 
many factors can control the stability of colloids. The stability of the colloids in 
the trench groundwaters was dominated by the redox potential of the iron 
present. The conditions in the trench groundwaters were anaerobic due to 
biological and chemical degredation of the waste and the investigations showed 
that exposure to oxygen caused rapid destabilisation of the iron colloids with 
almost complete precipitation of all solid material within 2 hours. The iron was 
present as Fe(II) in the anaerobic waters and rapidly oxidised to the less soluble 
Fe(III) upon exposure to oxygen. There was also evidence of bridging taking 
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place between Fe(III) colloids leading to destabilisation and precipitation of 
colloids in the literature. 
The reversibility experiments were performed in aerobic conditions for ease as 
maintaining anaerobic conditions would be costly and time consuming. Any 
colloids and radionuclides found in the trenches would eventually reach the 
geosphere due to migration with groundwater flow, colloidal transport, diffusion, 
or by collapse of the trenches and so aerobic conditions would apply in these 
situations. 
Kaolinite and montmorillonite were chosen for the reversibility studies because 
they are components of bentonite; clay used as a backfilling material on the 
Drigg site to reduce groundwater flow into the trenches and so would be present 
in the natural groundwaters of the site. Bohemite was chosen as an example of an 
aluminium oxide and was also positively charged at neutral pR whereas kaolinite 
and montmorillonite were both negatively charged. Sorption experiments were 
attempted with hematite colloids but were abandoned as the colloids were found 
to sorb strongly to surfaces preventing redispersion. If redispersion of the 
colloids was hindered then the surface area available for sorption would be 
significantly reduced. Similarly silica colloids were rejected for the sorption 
experiments because the silica particles were mostly greater than 1 )lm diameter 
and the resulting colloidal solution was too dilute to calibrate gravimetrically. 
The major contaminating radionuclides at the Drigg site are 3R, 90Sr, 137Cs, 134CS, 
106Ru and 141Ce. Tritium is present primarily as tritiated water although some 
could be present as organically bound tritium. Cesium-137, nickel-63 and 
cerium-141 were chosen for the reversibility experiments as examples ofmono-, 
di- and tri-valent radionuclides respectively. Strontium would have been used as 
a di-valent radionuclide for preference as it is one of the major radionuclides 
present at the Drigg site but due to time and cost restraints and also due to safety 
issues (Sr-90 presents a greater dose rate) nickel was used as an analogue. 
The reversibility experiments showed that monovalent ions were weakly 
associated with the negatively charged clay surfaces. No appreciable sorption to 
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the positively charged surface was observed. The association was found to be by 
ion exchange and was almost completely reversible particularly in high ionic 
strength solutions. The divalent ions sorbed to the negatively charged clays by 
ion exchange reactions. The association of the divalent ions with the clay 
surfaces was stronger than the monovalent and the reactions were less reversible. 
No sorption of divalent ions was observed on the positively charge surface. 
Trivalent ions were almost completely sorbed by both negatively and positively 
charged surfaces and the association was irreversible indicating surface 
complexation. 
This agrees with the results from the Drigg groundwaters where the cesium is 
present as a free ion weakly and reversibly associated with the colloid surface. 
The cesium in the Drigg groundwaters was found to be -99% present as the free 
positively charged ion which was not associated with the negatively charged 
surfaces in the groundwaters. The actinides were found to be - 50 % associated 
with the colloids indicating that those actinides able to associate with the 
colloidal surfaces were irreversibly bound due to surface complexation reactions 
and would eventually migrate into the interlayer spaces of the clays. The 
actinides not associated with the colloidal fraction > 500D may have been 
associated with small organic molecules such as fulvic acids. Divalent ions such 
as Co, which were present in very low levels in the Drigg groundwaters, Sr 
which was not analysed for were found to be partially associated with the 
colloidal surfaces. 
In conclusion the tritium and Cesium radioactivity was unassociated with the 
colloidal material and would be transported with the groundwater flow. Divalent 
ions (Sr-90 and Ru-l 06) would be partially associated with the colloidal material 
but would largely move with the groundwater flow. The alpha radioactivity 
would be 50 % associated with colloidal material and 50 % associated with 
organic matter (fulvic acid) and migration through the geosphere would be 
controlled by the movement of the colloidal or organic material. 
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Future work in this subject area would ideally focus on the constant improvement 
of the sampling techniques as the integrity of the sample needs to be assured. 
Significant data has been gathered on the population and elemental content of the 
colloids further work in this area will lower the errors on the population analysis 
and provide information on the morphology of the colloids. 
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. . . . ' " . 
Water samples have been'extracted from inside (from standpipes) and from outside (from boreholes)' of the 
trenches at the low level radioactive waste di~pos<'J.l site at Drigg i,n :Cumbria, 'UK. The, ~amples -were taken 
anaerobically from between 8.5 and 10.0 ID below the surface using a submersible pump at low flow rates to 
ensure that the waters in the standpipes and boreboles were maintained at constant levels. To enSure 
representative sani.pJes, the Eh, pH,_ conductivity. temperature, iron and dissolved oxygen concentrations of the 
waters were taken during initial purging and- during sampling., The gross tritium, gross non-tritium beta. gross 
· alpha and gamma activities of each sample were determined using suitable sample preparation and counting 
techniques. Samples were then anaerobically, sequentially filtered through 12 j.llll, 1 ~, 30 kDa and 500 Da 
· filter membranes~ The filtrates were analysed for gross alpha, gross non-tritium beta and gamma activities. 
SEM and STEM analyses were used t6 determine the colloid popUlation. An energy dispersive analyser on the 
SEM was used to determine the major elements present in the colloids. UV-visible spectrophotometry, 
fluorescence spectrophotometry and high performance size exclusion liquid chromatography were used to 
analyse the waters before and after. tr.eatment with ion exchange materials to detennine whether natural organic 
matter was present in the waters. Results showed that two major types of colloids (iron containing colloids and 
, silicon containing colloids) were present in the waters. There were also a small number of other colloids that 
contain, as major elements, aluminium, calcium and chromium. Organic colloids' were also present. The 
majority of the radioactivity in the waters was due to tritium. Waters taken from' outside the trenches 
contained Iow levels of non-tritium beta activities and alpha activities which were lower than the minimum 
, detectable amount. Waters taken from the trenches contained non-tritium beta activities and low levels o'f alpha 
emitters. Filtration of the trench waters showed that some of the'alpha activity was retained by the 30 kDa and 
500 Da membranes suggesting that this activity was, associated with small colloids. Radioactivity was not found 
to be associated with 'colloids present in the waters taken from outside the trenches. Possible reasons for this 
observation could. 'be that- nidionuclide bearing' 'c911oids have not yet reached the far-field or that the 
radionuc1ide concentration is diluted to below the minimum detectable amount. After concentrating two of the 
samples by factors of x 20 and x 16 respectively, ~.4 ± 0.1 and 0;6 ± 0.1 Bq dm-3 of 137CS were measured. 
1 Introduction 
A pressing need in radioactive waste management is to decide 
whether colloids should be included in codes used for 
perfonnance assessment. There is evidence for colloid facili;. 
tated transport of contaminants and pollutants through the 
enviromnent. For example, investigations carried out at the 
Nevada Test Site i where ground water samples were collected at 
300 m from a nuclear detonation cavity showed that for K, Fe, 
Cs, Ba, La and Pb, between 10% and 40% of the total elemental 
inventory was associated with colloids. For Mn, Co, Ce and 
Eu, greater than 90% of each element was associated with the 
colloidal 'phase. At the Los Alamos National Laboratory2 
studies showed that bath Am and Pu) have migrated over 30 rn 
through volcanic tuff. Attempts were made to model the 
migration of Am and Pu both with, and without, colloidal 
transport. The reSUlts, showed that such fast migration would 
be unlikely in the _absence of colloidal transport. These inves-
tigations, together-with laboratory4-12 and in_situl)-~9 studies 
suggest that colloid facilitated transpor.t of contaminants is an 
important process. 
001: 1O,]039Ib106256p 
, When considering the potential role of colloids in shallow 
disposal scenarios, the following questions concerning colloids 
may be important.2o In the near-field (the disturbed engineered 
zone) are colloids generated from waste materials, e.g. cellulose 
degradation, ferrous rusting, etc.? Are colloids generated from 
cement degradation? If so, are the colloids stable and do they 
influence radionuc1ide migration to the far·field (the undis-
turbed zone)? In the far-field are colloids present in the 
ground water? Are natural organic colloids present in the 
groundwater? Do repository generated colloids influence 
migration of radionuclides? Is colloidal transport a potentially 
significant issue over all assessment time-scales, including site 
biogeochemical evolution and alternate climate scenarios? Are 
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Table 1 Location, sample reference and sampling date 
Drigg location and 
sample reference . 
Borehole C6/3pllLA49 
Borehole C8/2pl ILA50 
Standpipe P4/Sp IILASI 
Standpipe P3/3plILAS2 
Standpipe P3/3pIlK538 
Sample depth 
(metres below 
ground level) 
10.5 
12.0 
10.0 
8.5 
8.5 
Sampling date 
August 2000 
August 2000 
August 2000 
August 2000 
March 2000 
potential mobile near-field· generated colloids stable and 
transportable in the far-field? 
With the above in mind, an investigation of the importance· 
of colloids as possible radionuclide transport agents at the Iow 
level radioactive waste disposal site at Drigg in Cumbria is 
ongoing. 
The Drigg site, owned and operated by BNFL, is the UK's 
principal site for the disposal of low level radioactive waste .. 
The site has operated since 1959 and receives wastes from a 
wide range pf sources including nuclear power stations, nuclear 
fuel cycle facilities, isotope manufacturing s~tes, universities; 
general industry and clean-up of historically contaminated 
sites. Disposals until the late 1980s were solely by tipping 
essentially loose wastes into excavated trenches~ Since then, 
tre·nch disposals ·have been· phased out in preference to 
. emplacement pf containerised, conditioned wastes in c.oncrete 
vaults and the trenches have been co~pleted with an interim 
cap. 
Samples of water have been taken from withm the site 
anaerobically from standpipes in the .trenches (near-field) and 
from boreholes (far-field) downstream of the leachate plume 
from the trenches. Sequential ultrafiltration was perf.onned to 
separate the particulate, c.olloidal and ionic fractions within 
each sample. Up to four membranes were used for ultrafiltra- , 
tion. A 12 J-lm membrane was used to .remove large particles so 
as t.o eliminate. clogging of the smaller pore size filter mem-
branes. A 1 J.lIIl membrane was used to filter 0\1t particulates 
larger than those in the colloidal size range. T.o separate the 
conoid fracti.on into 'large' .arid 'small' colloids, 30 kDa and . 
500 Da molecular weight membranes were used. Radiomiclides 
existing as ionic species would pass· through the 500· Da 
membrane. 
Unfiltered samples were analysed f.or gross activity and for 
tritium activity .. Filtrates were analysed for gross alpha, non-
tritium beta and gamma activities. 
Coll.oid p.opulation on the membranes was d~termined by 
I I --
" 
. ..f 
~. 
C8I2pli1..A50 X 
scanning electron microscopy (SEM) and scanning transmis-
·si.on el.ectron microscopy (STEM) and colloid type was 
investigated using a Link System En·ergy Dispersive Analyser. 
The presence of natural organic colloids was investigated 
by adding DEAE cellul.ose, a weak anion exchanger, to the 
unfiltered samples and to the filtrates. DEAE treated ·and 
untreated liquids were then analysed by UV-visible spectro-
photometry, fluorescence spectrophotometry and high perfor-
mance size exclusion chromatography. 
2 Experimental 
2.1 Sampling locations and dates 
The l.ocations, site references, sample depths and sampling 
dates of samples taken from the Drigg site are shown in 
Table 1. Fig. 1 shows the location of the boreholes and 
standpipes. Sampie LA52, taken from standpipe location 
P3/3pl, went aer.obic during analysis hence some results from 
the analyses of sample K538, which was taken from the same 
locati.on, are included in this paper. 
2.2 Sampling protocol and equjpment 
The system used to ex~ract groundwater is shown in Fig. 2. The 
system uses a submersible pump (GrundfosMPI RP I) which 
was contrQlled by a CQnvertor (Grundfos BTl/MPI ) powered 
by a petr.ol driven generat.or. Throughout the sampling 
procedure, the water level· was c.ontinuously monitored using 
a water detect.or attached to a strong tape measure. After 
purging the· equipment with· nitrogen, extracted water was 
monitored f.or Eh (Orion 9678BN platinum combination redox 
electrode), pH (Orion .910600· KCI gel filled silver-silver. 
chloride combinati.on electrode, using an Orion 250A meter), 
temperature and conductivity (Orl.on conductivity cell with 
built in thermister connected to ail Orion 105 meter"} and 
dissolved· oxygen (Jenway model 9071 meter) and dissolved 
iron (measured by colorimetry using an i.on specific meter 
(Hanna Instruments HI93721»). When these measurements 
were constant (see Table 2), samples were collected in 20 dm3 
stainless steel canisters .. After deIivery of the samples to the 
laboratory the Eh. pH. conductivity and ir.on content were 
re-measured. . 
2.3 Sample treatment-u1tr~filtration 
All fiJtrations and analyses were duplicated. Fig. 3 shows a 
: diagram of the anaer.obicfiltra,ti.on rig. The rig consisted of four 
o 
Fig.l Pian of the Drigg site. 
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Fig.2 Schematic of the equipment used for taking water samples. 
350 cm' stirred ultrafiltration cells (Amicon model 8400) 
connected in series. A nitrogen cylinder was connected to the 
rig by a dialysis selector (model CDSIO) which allowed either 
nitrogen to flow straight to the cells or into the sample canister, 
thereby allowing the groundwater samples to be introduced 
into the rig. Fourdifferent sized membranes were used, 12 ~m 
(Whatman polycarbonate Cyclopore), I Iffi1 (Whatman poly-
carbonate l'!uclepore), 30 kDa (Anllcon YM cellulose) and, on 
occasions, a 500 Da membrane (Amicon YM cellulose). Before 
use these membranes were washed thoroughly with de-ionised 
water. All membranes were supplied by Fisher Scientific, 
"Loughborough. Before filtration, the, rig was purged with 
nitrogen for at least 2 h. After filtration and before analysis, the 
membranes were dried in a dessicator (silica gel) to prevent the. 
growth, of bacteria or microbes on the membranes. 
2.4 Analyses 
2.4.1 Radioactivity analyses. Radioactivity analyses of the 
waters included: gross activity by liquid scintillation counting, 
tritium activity by liquid scintillation counting, gross alpha 
activity by gas ionisation, gross non-tritium beta activity by gas 
ionisation and gamma activity by spectrometry. 
2.4.1.1 Gross activity. To determine the approximate gross 
activity in a water sample 8 crn3 of sample were added to a 
plastic vial containing 12 cm3 of Ultrima Gold LLT liquid 
scintillation cocktail (Packard) before counting in a Packard 
Tri-Carb 2750 TRILL liquid scintillation counter. 
A 
liquid 
dialysis 
selector 
.• =tap 
r;:=q-;;;p::::======.~ nitrogen 
Fig. 3 AmLe~obic sequential ,filtering rig. 
The absolute activity of the solutions cannot be calculated 
because the samples contain' a· mixture of radionuclides. 
However, the activity was calculated with respect to tritium,·· 
as this was the dominant radionuclide. After counting, each 
sample was spiked with· a known activity of tritiated water and 
shaken to mix thoroughly befote recounting the samples. The 
counting efficiency for each sample was detelmined before 
calculating the activity with respect to tritium. 
2.4.1.2. Tritium activity.," A purifie'd sample of tritiated water 
was obtained by distillation. Before distillation, 0.8"g of sodium 
thiosulfate and 1.2 g of sodium earb.onate were added to 75 cm3. 
of sample in order to retain volatile radionuclides. The first 
9 cm3 of distillate were discarded. The nex.t 8 cm3 of distillate 
were' collected and mixed· with Ultima Gold LLT liquid" 
scintilIant (12 cm3) , in 'a plastic vial before counting in the· 
tritium channel of the liquid scintillation counter. The sample 
was then spiked with a known activity of tritiated water and 
recoup.ted: The absolute activity of the sample was calculated 
after calculating· the couriting efficiency of tritium in the 
sample. 
2.4.1.3 Gross alpha and non-tritium beta. activity. Gross 
alpha and non-tritium beta activity measurements were made 
using a FAG FHT650KI gas flow proportional counter using 
argon-methane counting gas and a FAG FHT770Msample 
changer. 500 cm3 of sample were transferred to a beaker and 
evaporated to about 50 cm3. The liquid was allowed to cool 
before being transferred to an accurately weighed porcelain 
crucible. The beaker was rinsed with a. minimal amount of 
distilled water and the washings were also transferred to the 
crucible. Sulfuric· acid (1 cm3) was added to the solution to 
break ,down organics that might be present. The solution was 
then evaporated to dryness under an IR lamp. The crucible was 
then placed in a preheated muffle furnace (350 °C )·for 1 h. The 
crucible was allowed to cool and then accurately re-weighed. 
0.283 g (i.e. the same mass as that used to prepare the 
standards) of the residue ash were transferred to a 6 cm 
diameter planchette. The ash was sJurried hi methanol and 
distributed evenly across the planchette before leaving to dry. 
Each sample was c01.tnted for at least 20,000 s. To determine the 
cOl.mting efficiency for alpha and beta activities~ an Am and a 
KCI standard were used respectlvely. Tbe counting efficiency 
Table 2 Results of the in~situ measurements of the standpipe and borehole water samples 
Borehole Borehole Standpipe Standpipe Standpipe 
Measurement C6/3p IILA49 C8/2pllLA50 P4/5pl/LA51 Pl/3pllLA52 P3/3pllK5l8 
pH 6.75 7.23 6.95 6.83 7.27 
Eh (SHE)/mV 130 141 89 74 101 
ConductivityhlS 551 354 256 313 581 
TemperahlrerC 16.6 12.5 145 17.9 11.2 
DisSOlved Oxygen/mg dm-3 lA lA 1.4 0 Not measured 
Iron cOllcentration/mg dm- 3 Not measured 1.5 3.7 49 lA 
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was calculated before the absolute activity was calculated. 
Errors in the activity determinations were calculated using only 
counting statistics. 
2.4.1.4 Gamma spectrometry. Gamma activity measure-
ments were made using an EG&G Ortec GEM series High 
Purity Germanium coaxial detector connected to a computer 
fitted with an ORTEC ACE 4 k multichannel analyser board. 
An ORTEC Maestro II program was used to control the board 
and the detector. 500 cm3 of the sample were transferred to a 
MarineIli beaker. If necessary, concentrated nitric acid was 
added to dissolve any particulate material that had precipi-
tated. The counting efficiency (from ()-2 MeV) of the detector. 
was determined by using a mixed radionuclide standard 
(National Physical Laboratory, Teddington, UK) before 
calculating the absolute gamma activity in the sample. Errors 
in the, measurements were calculated using only counting 
statistics. 
2.4.2 Colloid population-SEM and STEM analysis of filter 
membranes. The colloid population was determin~d by :filter-
ing a small volume of the sample through 12 ~, 1 J.Lm and 
30, kDa membranes. The 30 kDa membranes were then dried in 
a desiccator. A 'segment of the membrane was then vacuum 
coated with gold before analysis using a Cambridge Stereoscan 
360 SEM fitted with Link System Energy Dispersive Analyser. 
. A JEOL JEM 100CX coupled STEM was also used for 
analysing the membrane because this instrument could achieve 
much greater resolution than the. SEM instrument. Assuming 
l.miform coverage of colloids on the membrane and using the 
stated effective membrane area of 41.8 cm2" the colloid 
population was calculated using eqn; (1). 
Colloid popUlation (particles dm-3).= ,No. colloids 2 
, Observed area(cm ) 
x 41.8 cm2 
x 1000 
Volume filtered (cm3) (1) 
2.4.3 Colloid composition-SEM EDA analysis. To deter-
mine colloid composition, a dried 30 kDa membrane was 
analysed for major elements in the particulates using the energy 
dispersive analyser on the SEM (magnification between 2 k and 
20 k). Back scattered X-rays were produced from bombard-
ment of the sample by a high' voltage electron beam. The 
energies of the X-ray emissions allowed the identification of the 
major elements present in a colloid. . 
2.4.4 Analysis of natural organic matter~ Three techniques 
were used to detennine whether natural organic matter was 
present in a sample: (i) UV-visible absorption spectrophoto-
metry, (ii) fluorescence spectrophotometry and (iii) high 
performance size exclusion liquid chromatography coupled 
to a photodiode array UV-visible absorption detector. 
Humic acids (HA) and fulvic acids (FA) are extracted from 
water by the weak anion exchanger DEAE cellulose (diethyl-
aminoethyl cellulose). Measurements were therefore taken 
before and after treatment with the following: DEAE cellulose 
(Sigma); a strong anion exchange resin, Anlberiite IRA 400 
(Aldrich); a weak cation exchange resin, Amberlite IRC 50 (H) 
(Aldrich); and a strong cation exchange resin, Amberlite IR 120 
(H) (Aldrich). The ion exchange resins were preconditioned 
, using sodium chloride solution. Each extraction was conducted 
using 5 cm3 of solution and 0.2 g of exchanger. The results were 
compared with those obtained from sodium humate (Aldrich) 
and fulvic and hl.lmic acids extracted from Drigg ground waters. 
Although meas'urable, the concentrations of natmal organic 
matter in the water samples were too, low for acceptable 
analysis. Therefore •. the samples were allowed to go aerobic 
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before concentration by rotary evaporation at 60°C until all 
samples gave a UV absorbance of approximately 1 at 250 nm. 
Measurements 'have shown that neither the UV nor the 
fluorescence signal were reduced when samples were allowed 
to go aerobic. , 
The UV -visible absorptions of the samples were measured 
on a Philips PU 8730 UVNisible Scanning Spectrophotometer 
using a 1 cm2 cuvette. Absorbance measurements were made at 
250 nm for comparison with the HPLC and 'also from 250-
450 run at 50 rim intervals to examine the nature of the spectra. 
. The fluorescence of each sample was measured on a Hitachi 
F--400 Fluorescence Spectrophotometer using 1 cm2 cuvettes. 
The .optiml.un excitation and ,emission wavelengths were 
determined as 330 nm and 440 nm respectively, 
High performance size exclusion liquid chromatography was 
performed on a Philips PU 4100 Liquid Chromatograph 
coupled to a Philips Pye Unicam PU 4021 Multichannel 
Photodiode Arr'ay Detector. The column used' waS an Ultra 
hydrogel 120 Millipore 7.8 x 300 Inm column. The mobile 
phase was 0.1 mol dm-3 NaCIO. at pH 7.9 with a fiowIate of 
0.2 cm3 min- l " A typical ruri time was 55· min. . . . 
3 Results and discussion 
3.1 Filtration and activity measurements 
The results of the radioactivity analyses are shown in Table 3 . 
Samples taken from outside the trenches (LA49 and LA50) did 
not contain measurable levels of alpha activity. 'samples taken 
from the trenches (LA5l, LA52 and K538) contained mea-
surable alpha activities. Filtration of the LAS1 sample showed 
a decrease (abo.ut 38%) in the filtrate activity only after the 
sample had been filtered through the 500, Da membrane. 
Filtration of the K538 sample. showed a decrease in the filtrate 
alpha activity only after the sample had been' filtered through 
the 30 kDa (about 35%) and 500 Da membranes (about 36%), 
The reduction in the filtrate activities suggests that some of the 
alpha activity is associated with large and small colloids. It is " 
difficult to be specific about the, particle size but'a 1 ).lID. filter 
should allow the pass'age of particles which are Jess tha,n 1 J.lm 
in size, a 30 kDa should allow the passage, of particles which are 
<2 nm and a 500 Da should allow passage of activity which is 
smaller than, the colloid size range i e. particles < 1 nm. 
Samples taken from outside the trenches (LA49 and LA50) 
contained very low, but measurable, levels of non·tritium beta 
activity. Samples taken from the trenches (LAS1, LA52 and 
K538) contained measurable non-tritium beta activities. The 
filtrate .of the 500 Da membrane for sample LA51 showed a 
20% reduction in non-tritium beta activity suggesting that 20% 
of the activity is associated with colloids which are between 1 
and 2 nm. 
U7Cs was detected in the trench samples (LA51, LA52 and 
K538). After concentrating samples LA49 and LA50 by factors 
of x 20 and x 16 respectively, 2.4 ± 0.1 and 0.6 ± 0.1 Bq 
dm-3 of P7es were measured. 60Co was only detected in 
sample LASt. Filtration showed that neither 137CS nor 6OCO 
was associated with colloids. 
3.2 Colloid poputation-SEM and STEM analysis of filter 
membranes 
Table 4 shows that the colloid population i.e. the particle 
popUlation captured on the 30 kDa memebrane is higher in the' 
trench samples (LA5l and K538) than in the samples taken 
from outside the trenches (LA49 and LA50). Results were not 
obtained for LA52. 
3.3 Colloid composition-SEM EDA analysis 
Results from elemental analyses of the 30 kDa membranes 
suggest that colloids in the trench waters are similar to those 
Table 3 Anaerobic radioactivity analyses of the borehole and standpipe water samples and the filtrates .. AIl activities are in Bq dm-l . Errors are 
calculated using counting statistics on1y and ,are to one standard deviation 
Borehole Borehole Standpipe Standpipe Standpipe 
C6/3pl/LA49 C8/2p IILASO P4/SplILASI P3/3p IILAS2 P3/3pliKS38 
Gross 22180 ± 65 8360 ± 318 138565 ± 3409 7585 ± 370 1973 ± 102 
Tritium 18230 ± 471 7605 ± 295 105407 ± 5220 6904 ± 71 1932 ± 102 
Gross alpba Unfiltered , <0.06 <0.06 0.21 ± om 0.16 ± 0.02 0.67 ± 0.02 
12~ '<0.06 <0.06 0.23 ± om ' 0.11 ± 0.02 0.51 ± 0.01 
I ~m <0.06 <0,06 0.20 ± om 0.1l ± 0.02 0.64 ± 0.02 
30 kO. <0.06 <0.06 0.21 ± 0.02 Not measured 0.41 ± 0.02 
500 D. <0.06 <0.06 0.13 ± om Not measured 0.26 ± om 
Non-tritium beta Unfiltered 0.36 ± 0.02 0.25 ± 0.02 543 ± I 198 ± I 126 ± 0 I 
12~ <0.06 <0.06 583 ± I 195 ± I, 117 ± I 
I fLm <0.06 <0.06 631 ± I 208 ± I 99 ± I 
30 kD. <0.06 <0.06 618± I Not measured 1lJ ± I 
500D. <0.06 <0.06 490 ± I Not measured 117 ± I 
Gamma 
137Cs Unfilterd <0.2 <0.2 76 ± I 5.7 ± 0.2 3.5 ± 0,2 
12~ <0.2 <0.2 76 ± I 5.9 ± 0.2 3.2 ± 0.2 
I ~m <0.2, <0.2 76 ± I 6.1 ± 0.2 3.3 ± 0.2 
30 kDa <0.2 <0.2 75± I Not measured 3.3 ± 0.2 
500 Da <:0.2 .<0.2 83 ± I Not measured 4.3 ± 0.2 
"'Co Unfiltered ;:::.0.3 <0.3 0.25 ± 0.01 <0.3 <0.3 
12 }.tm <0.3 <0.3 0.26 ± 0.01 <0.3 <0.3 
I~ <0.3 <0.3 0.22 ± 0.01 <0.3 <0.3 
30 kDa <0.3 <0.3 0.21 ± 0.01 ' Not measured <0.3 
500 Da <0.3 <0.3 0.22 ± 0.01 Not measured <0.3 
.Table 4 Particle population in particles per dm] 
Borehole C6/3p1lLA49 Bor.hole C8/2pIlLASO Standpipe P4/SpliLASI Standpipe P3/JpliLAS2 Standpipe P3/JpllKSJ8 
12~ 
I~ 
JOkDa 
2.6 ± 0.1 x 108 
3.6 ± 05 x 1010 
8.6 ±, 1.0 x 1010 
1.2 ± 0.2 x Z08 
8.4 ± 2.5 x 109 
4.7 ± 1.0 x 1010 
5.7 ± 2.1 ~ 10' 
1.3 ± 1.1 x 109 
1.0 ± 0.2 x' lOll 
Not measured 
Not measured 
Not measured 
. 1.0 ±, 1.0 X 107 
'9.1 ± 4.7 x 10' 
1.1 ± 0.3 x lOll 
outside of the trenches and that there are two major types of 
colloids: iron containing colloids and -siHcon containing 
colloids. There are also a sman number of other colloids that 
contain, as major elements~ aluminium, calcium and chro-
mium. Organic colloids are also present as is detailed below. 
3.4' Analysis of natural organic matter 
The UV-vlsible, fluorescence and HPLC signals froni the 
samples were too low to be of use ,and therefore, the samples 
were concentrated by evaporation until a UV absorbance, 
measured at 250 nrn, of approximately 1 was measured .. The 
VV spectra observed from all samples were those expected 
, from natural organic material (humic and/or fulvic acid) i.e. 
continuous but decreasing absorbance across the wavelength 
range from 250 nm to 500 nrn. All samples' contained 
fluorescence molecules with strong fluorescence at 450 nm. 
HPLC analyses of all samples showed that the eluted peaks 
were broad and that" they eluted early from the column 
indicating that they were composed of high molecular weight 
molecules. These results strongly suggested the presence of 
fulvic andlor humic substances in all of the samples. 
Humic and fulvic substances are negatively charged in 
environmental waters and are therefore removed from the 
waters by an anion exchange resin. Table 5 shows the percen~ 
tage of the initial signal remaining in solution after treatment 
with ion-exchange material. The results show that although 
some of the organic substances present in the borehole and 
standpipe samples behave like Aldrich HA, Drigg HA and 
Drigg FA, i.e. are extracted by DEAE cellulose, some do not 
behave the same. However, the results, obtained after addition 
of strong anion exchange resin, fo~ borehole and standpipe' 
samples are similar to those obtained from Aldrich HA, Drigg 
HA and Drigg FA. ' 
Addition of strong or weak cation exchange resins did not 
reduce the signals observed from the samples. Cationic UV 
absorbing and fluorescent molecules are therefore not present 
in the samples. 
4 Conclusions 
The major questions to be answered are (i) are colloids present 
in waters at the Drigg site?, (ii) if SOl what t'ype. of colloids are 
Table 5 Percentage ~f initjal signaJ remainJng in solution after ion exchange treatment 
Borehole Borehole Standpipe Standpipe 
C6/3pl/LA49 C8/2p liLASO P4/SpliLASI PJ/3pl/LAS2 Aldrich HA DriggHA Prigg FA 
UV' Fib HP" UV FI HP UV FI HP UV FL HP UV FI HP UV FL HP UV FI HP 
DEAE (weak anion) 67 66 55 77 7J 87 39 67 26 39 54 25 10 7 0 5 I 0 3 1 ,0 
IRA 400 (strong anion) 11 22 0 21 18 0 6 10 0 IJ ]) 0 IS 23 21 22 16 0 12 17 0 
IRe 50 (weak cation) 96 87 98 97 98 99 98 89 91 98 75 98 105 93 101 116 99 107 III lOO 97 
IR 120 (strong cation) 109 92 109 100 93 100 89 93 89 109 85 104 108 110 92 114 114 96 120 104 99 
UUV = absorption at 250nm. bFl = fluorescence emission at 450nm. CHP = HPLC absorbance at 250 nrn. 
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present?, and (iii) are radionuclides associated with the 
colloids? 
Colloids are present in waters taken from inside (standpipes) 
and outside (boreholes) the trenches. The colloid populations 
in waters taken from the standpipes _are between 1011 and 1012 
colloids per dm3 and in waters taken from the boreholes are of 
, the order of. 1010 to 1011 colloids per dm3. . _ ' 
Elemental analyses of the particulates on the 30 kDa mem· 
brane show that there are two major types of colloids: iron 
containing colloids and silicon containing colloids. There are 
also a small number of other colloids that contain, as 'major 
elements, aluminium, calcium and chromium. Organic colloids 
are also present in all- waters. 
The levels of alpha ,activities in the trench samples are low 
. and in waterS taken from outside the trenches are less than the 
minimum detectable amount. Filtration results from the trench 
samples suggest that approximately 60% of the alpha activity is 
associated with colloids in the K538 sample and approximately 
. 40% is associated with very small colloids in the LASt sample .. 
Filtration results show that about 200/0 of the gross non·tritium 
beta activity is'associated with colloids in the LASt sample but 
no non-tritium beta activity is associated with colloids in the 
KS38 samfcle. 137CS was measured in samples -taken from the 
trenches. °Co was measured only in sample LASl. Neither 
137CS nor weo is associated with colloids'. Radioactivity was 
not found to be associated with colloids present in the waters 
taken' from outside the trenches. Possible, reasons for this 
'observation could be that radionticlide bearing colloids have' 
not yet reached the far-field or that the radionuclide 
concentration has been diluted so that it is below the minimum 
detectable amount. After concentrating samples LA49 and 
LA50 by factors ofx 20 and x 16 respectively, 2.4 ± 0.1 and 
0.6 ± 0.1 of 137 Cs Bq dm -3 were measured. 
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APPENDIX TWO 
PERSONAL DEVELOPMENT 
RECORD 
322. 
w 
N 
w 
Date 
13/9/99 to 1719/99 
2519/9910 1110/99 
13/10/99 
15/10/99 
25/10/99 
2411\199 
412/00 
1112/00 
1812/00 
25/2/00 
113/00 
23/3/00 
27/3/00 
Organisation/venue 
Radiochemistry group, LU 
Migration 1999, seventh 
International conference, Lake 
Tahoe, Nevada 
Chemistry department, LU 
Chemistry department, LU 
BNFL Sellafield, Cumbria 
Radiochemistry group, LU 
Radiochemistry group, LU 
Radiochemistry group, LU 
Radiochemistry group, LU 
Radiochemistry group, LU 
Chemistry department, LU 
Radiochemistry group, LU 
Radiochemistry group, LU 
Speaker(s) Topic 
Prof. A Dyer Workshop in liquid scintillation counting: 
Prof. P Wanvick The scintillation process, Standardisation and efficiency determination, 
Dr. R Blackburn Counting errors and statistics, safety and regulations, Homogeneous sample 
preparation, Cerenkov counting and Heterogeneous sample preparation 
Various Conference: Chemistry and migration behaviour of actinides and fission 
products in the geosphere. 
D Wilson Lecture: Chemistry safety 
D Wilson Lecture: Fire safety 
- Training course: Classified workers 
Prof. S Fletcher Lecture: Current voltammetry techniques 
S Allinson Presentation: Ternary complexes 
Prof. P Warwick Lecture: Predictive codes for contaminant mobility in the environment 
Dr. A Hall Lecture: Stability constants 
K Beckelt Presentation: Drigg leachate project 
Dr. Prof. R Steer, Lecture: structure and relaxation dynamics of highlY excited valence states of 
University of polyatomic molecules 
Saskatchewan, canada 
S Allinson Presentation: Investigations into inorganic colloids in the near-field at Drigg 
L Sands , Training course: radioaclive waste disposal 
DATE ORGANISATIONNENUE SPEAKER(S) TOPIC 
3113/00 Radiochemistry group, LV K Russel-Flint Presentation: Sample preparation and microwave digestion 
14/4/00 Radiochemistry group, LV prof. P Warwick Lecture: UK nuclear waste: finding a way fonvard 
915/00 Radiochemistry group, LV S Allinson Presentation: Investigations into colloids at the Drigg site 
K Beckett 
K Russel-Flint 
1515/00 Radiochemistry group, LV - Training course: Vse of Autogamma Cobra II 
26/5/00 Radiochemistry group, LV K Russel-Flint Presentation: Microwave digestion 
13/6/00 Radiochemistry group, LV S Alliuson Presentation: Investigations into inorganic colloids in the near-field at Drigg 
30/6/00 Radiochemistry group, LV Prof. P Warwick Lecture: Radiochemical detection and measurement - gamma detection 
717100 Radiochemistry group, LV Prof. P Warwick Lecture: Radiochemical detection and measurement -liquid scintialltion 
counting 
1017100 Radiochemistry group, LV S Allinson Presentation: Investigations into inorganic colloids in the near-field at Drigg 
1217100 RSC, Imperial College, - Young Researchers Meeting, Radiochemical Methods Group, analytical . 
Kensington Division 
29/9100 Radiochemistry group, LV NEvans Presentation: Further development of STAB 
4/10/00 British Geological Survey, Dr. M J Hendry Lecture: transport and geochemical controls on solutes in clay aquitards 
Keyworth, Nottingham 
6/10/00 Radiochemistry group, LU S Allinson Presentation: Investigations into inorganic colloids in the near-field at Drigg 
13/10/00 Radiochemistry group, LU K Russel-Flint Presentation: Investigations into inorganic colloids in the far-field at Drigg 
27/10/00 Radiochemistry group, LV K Beckett Presentation: sampling and characterisation of NOM at the Drigg site 
DATE ORGANISATIONNENUE SPEAKER(S) TOPIC 
3111100 Radiochemistry group, LU G Walker Presentation: Trancom 2 
8111/00 RSC Radiochemical Methods Prof. P Warwick (LU) Meeting of Radiochemical Methods Group: 
Group, Oldbury power station, Dr. K Verrall (BNFL, Lectures: The role of colloids and particulates in migration studies at BNFL's 
Bristol Berkeley) Drigg site, 
Dr. S Vines (NlREX, UK) Searching for colloids - major transporters of radio nu elides? 
Prof. G Chopin (Bequerel Chemical containment ofradionuclides in the NlREX phased repository concept 
medal lecturer) Actinide analogue chemistry (Bequerel Medal Lecture) 
N Bryan (University of Effects of humic substances on radionuclide migration 
Manchester) The treatment of colloids in performance assessment for radioactive waste 
S Wickham (Galson disposal. 
Sciences, Leicestershire) 
17111100 Radiochemistry group, LU A King Presentation: development and application of methods for determining long. 
lived radionuclides in decommissioning wastes 
24/11/00 Radiochemistry group, LU S Allinson Presentation: Investigations into colloids at the Drigg site 
KBeckett 
K Russel·Flint 
28111/00 Radiochemistry group, LU S Allinson Presentation: Investigations into colloids at the Drigg site 
KBeckett 
K Russel·Flint 
1112/00 Radiochemistry group, LU N Evans Presentation: STAB 
- - - ----------------------------------------...., 
DATE ORGANISATIONNENUE SPEAKER(S) TOPIC 
8112/00 Radiochemistry group, LU G Walker Presentation: Trancom 2 
14/12/00 Radiochemistry group, LU A King Presentation: results from doped tacky swab samples after digestion 
L Sands Presentation: notes on departmental health II!ld safety inspection 
1911101 Radiochemistry group, LU G Walker Presentation: SI units 
2611101 Radiochemistry group, LU S Allinson Presentation: Investigations into inorganic colloids in the near-field at Drigg 
9/2/01 Radiochemistry group, LU S Allinson Presentation: Near-field colloids 
K Russel-flint Presentation: Far-field colloids 
15/2/01 to 1612101 Drigg Research Symposium, D Trivedi, BNFL Drigg Research Symposium: 
Manchester University C Pettit, BNFL Drigg technical program overview, Systematic approach, Fartield introduction, 
M Randall Tracer studies, Far-field colloids, Organic colloids, Polysaccharides, Reduced 
A Binley iron phases, Southhampton column studies, Loughborough column studies, 
K Russel-Flint, LU Micro to macro, Near-field introduction, LLW stimulant studies, The 
K Beckett, LU biogeochemical fate of actinides in waste repositories, A molecular biological 
M Suddworth approach to the characterisation of a LLW disposal site, Chemical and microbial 
Dr. F Livens, Manchester evolution of the Drigg vaults, Cement evolution, Corrosion in the near-field, 
University Near-field colloids. 
I Beadle 
RNikolova 
Prof. P Warwick, LU 
V Hand 
PHumphries 
DATE ORGANISATIONNENUE SPEAKER(S) TOPIC 
VDwm 
RLockhart 
JMcCance 
A Clarke 
A Eilbeck, BNFL 
S AIlinson, LU 
23/2/01 Radiochemistry group, LU K Russel-Flint Presentation: Laboratory investigations into ternary phase systems 
913101 Radiochemistry group, LU K Beckett Presentation: Association of metals with humic substances 
1613101 Radiochemistry group, LU N Evans Presentation: ISA and NlREX disposal strategy 
2213101 Radiochemistry group, LU G Walker Presentation: MOL OM and U(IV) preparation 
2313101 Chemistry department, LU Dr A Dickenson Lecture: The development of materials for direct method fuel cell anodes 
29/3101 Radiochemistry group, LU A King Presentation: Cobalt separation methods - results 
1214101 Radiochemistry group, LU S Allinson Presentation: Investigations into the reversibility of metal-colloid interactions 
2514101 Radiochemistry group, LU S AlIinson, K Beckelt, K Meeting with BNFL sponsors: 
Russel-Flint Investigations into colloids at the Drigg site 
1015101 Radiochemistry group, LU A King Presentation: Attempted co removal and ion-exchange 
1715101 Radiochemistry group, LU G Walker Presentation: Uranium 
2415101 Radiochemistry group, LU G Getahun Presentation: Role of cellulose degredation products in radionuclide migration 
2515101 Radiochemistry group, LU L Sands Lecture: Risks and hazards 
1/6101 Radiochemistry group, LU N Evans Presentation: stability constant methods by the Schubert method 
DATE ORGANISATIONNENUE SPEAKER(S) TOPIC 
7/6/01 Radiochemistry group, LU KBeckett Presentation: Drigg results 
14/6/01 Radiochemistry group, LU K Russel-Flint Presentation: Endnote 
15/6/01 Chemistry department, LU Prof. S Fletcher Lecture: The double layer 
28/6/01 Radiochemistry group, LU S Allinson Presentation: Investigations into the reversibility of metal-colloid interactions 
1If7/01 RSC, Imperial College, Young Researchers Meeting, Radiochemical Methods Group, analytical 
Kensington Division: 
M Constantinou Presentations: Radiofluorinations of meta-substituted benzenes, Are colloids 
K Russel-Flint important in the transport ofradionuclides?, Inadequacy of sea-to-land transfer 
C Wells as lbe explanation ofthe majority of terrestrial plutonium deposited in Cumbria, 
YNarayana Advantages on in-situ gamma ray spectrometry and core logging - a case study 
S Jarman of radio cs in Dee saltmarshes, Determination of in-core power in lbe LFR 30kW 
G Treacy Argonaut reactor by measurement of 1'N and 18F in the primary coolant, 
M Hickey Infivnite solution volume kinetic studies on crystalline silicotitanate ion 
HMunroe exchange materials, Novel applications of parallel chemistry to isotopic 
FDyer synlbesis, Stopped-flow spectrophotometric studies ofFe(II1) and U(VI) 
M Sarsfield reactions, Inconsistancies in lbe use of radiometric dating methods in salt marsh 
core examples from the Beaulieu and Wyre estuaries, Aspects of actinide 
coordination chemistry. 
10/8/01 Radiochemistry group, LU N Evans Presentation: More stability constant measurements and some stoichiometric 
investigations using UV Nis spectrometry 
w 
N 
\0 
DATE 
12/10/01 
19110/01 
2/11101 
15/11101 
23/11101 
7112/01 
15/2/02 
22/2/02 
113/02 
8/3/02 
15/3/02 
ORGANISA TIONNENUE 
Radiochemistry group, LU 
Radiochemistry group, LU 
Radiochemistry group, LU 
Chemistry department, LU 
Radiochemistry group, LU 
Chemistry department, LU 
Radiochemistry group, LU 
Chemistry department, LU 
Radiochemistry group, LU 
Chemistry department, LU 
Radiochemistry group, LU 
Chemistry department, LU 
Radiochemistry group, LU 
Chemistry department, LU 
SPEAKER(S) TOPIC 
KBeckett Presentation: Association of europium with humic materials 
S Allinson Presentation: Reversibility of radio nuclide-colloid interactions 
A King Presentation: Separation of Ho from Co and dissolution of tacky swabs 
A Degel, Universitat Lecture: Cerium gluconate at high and near-neutral pH 
Erlangen, Germany 
K Russel-Flint Presentation: Ternary complexes 
K Shopek, Universitat Lecture: Investigation into the Co-gluconate and Co-ISA system 
Erlangen, Germany 
Dr. A Hall Presentation: Migration case study: transport of radionuclides in a reducing clay 
sediment-Trancom II 
G Walker Presentation: Trancom 11- Production and stability testing of 14C-Iabelled size 
specific organic matter 
K S Ryder Lecture: Reaction profiling at conducting polymer electrodes 
A King Presentation: Dissolution, separation of Ho and Ag from Co. 
Prof. P Warwick Presentation: What do they do over there? 
G Walker Presentation: Radiolabelling Boom clay humic acid with "c 
Prof. S Fletcher Lecture: Life, the universe and everything! 
Elnam Presentation: Arsenic speciation and transport in the environment 
Dr. D R Worrall Lecture: Pressure dependence of singlet oxygen photophysics in supercritical 
fluids 
w 
w 
o 
DATE 
22/3/02 
19/4/02 
26/4/02 
10/5/02 
17/5/02 
24/5/02 
14/6/02 
2116/02 
ORGANISA TIONNENUE 
Radiochemistry group, LU 
Chemistry department, LU 
Radiochemistry group, LU 
Radiochemistry group, LU 
Chemistry department, LU 
Chemistry department, LU 
Chemistry department, LU 
Radiochemistry group, LV 
Chemistry department, LV 
Chemistry department, LU 
Radiochemistry group, LU 
SPEAKER(S) 
L Sands 
Dr. J Thwala 
Dr. A Hall 
G Walker 
N 1 Van Dijk 
M Davies 
o Patel 
G Walker 
M Patel 
LAlger 
S AlIinson 
A King 
1 Paget 
Dr. S Worrall 
Dr. A Hall 
TOPIC 
Lecture: Risk assessments 
Lecture: Arsenic in the environment 
Lecture: Solubility product approach for determining stability constants (log P 
values) for metal-ligand complexes 
Presentation: OU2 solubility in the presence of Mol synthetic clay water, U02 
Schubert experiment and U02 dissolution 
Presentation: Catalysis of polysulphide reduction 
Presentation: Controlled radical polymerisation of maleic anhydride polymers 
Presentation: Structual properties of activated carbon 
Presentation: Migration case stUdy: Transport of colloids in a reducing clay 
sediment (Trancom 11) 
Presentation: Photochemistry in supercritical fluids 
Presentation: Dispersive polymerisation 
Presenation: Investigations into inorganic colloids in the near-filed at Drigg and 
Investigation into the reversibility if radionuclidelcolloid interactions 
Presentation: Determination of lO'm Ag, 1"Ho and ''Nb in decommissioning 
waste 
Presentation: biomediated calcite growth 
Lecture: Photophysics of anthracene on silica gel 
Lecture: Speciation 
DATE ORGANISATIONNENUE SPEAKER(S) TOPIC 
• 
27/6/02 Radiochemistry group, LU S Allinson, K Beckett, K Review of results on Drigg project 
Russel-Flint 
3111102 RSC Radiochemical Methods Meeting of the Radiochemical Methods Group: 
Group, Oldbury power station, K Franklin, BNFL Lectures: Molten salt chemistry 
Bristol M Langer, Eichrom Gross alpha determination in drinking water using actinide resin 
Europe 
Dr. P Blower, University Cancer therapy with targeted radionuclides 
of Kent 
Pror. P Warwick, LU The importance of speciation (Bequerel medal lecture) 
HSims,AEA An overview of partitioning and transmutation technologies 
Technology, Harwell 
A Worrall, BNFL New reactor designs -the Westinghouse APIOOO 
M Keith-Roacb, 
University of Plymouth Developments in ICP-MS analysis of long-lived isotopes 
_________ ------------1 


